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I. SUMMARY

This is our Final Report on Projects 4150 and 5444, Contracts DAMDl7-78-
C-8059 and DAMDI7-84-C-4039, "Development of Biodegradible Implants for Use in
Maxillofacial Surgery". The objective of the project was to develop high-
strength, high-stiffness, resorbable materials useful in the treatment of
maxillofacial injuries. Our initial attempts to meet this objective were to
prepare high-molecular-weight polymers and copolymers of DL-lactide (DL-PLA),
L-lactide (L-PLA), and glycolide from high-purity monomers. These polymers
were then used in the fabrication of polymeric bone fixation plates for evalu-
ation of flexural properties and suitability as fixation appliances. Various
model reinforcement schemes were also investigated using both nonbiode-
gradable, such as carbon and ceramic fiber and/or fabric, and biodegradable
materials, ceramic and glass fiber.

Our initial attempts to fabricate plates for flexural testing were to
injection-mold polymer samples. We found, however, that injection molding of
the biodegradable polyesters required elaborate precautions to reduce moisture
levels and heat exposure, which result in the rapid deterioration of the
polymer's molecular weight (MW). Our alternative approach was the lamination
of polymeric films to produce bone-fixation plates. A polymer solution was
cast in a spin cup and the solvent allowed to evaporate. The resulting film
was cut into sections, and the sections were laminated under heat and pressure
to form plates suitable for flexural testing. No significant loss in molecu-
lar weight was observed for samples prepared by this method.

The lamination technique was easily adapted to allow for the addition of
reinforcing fibers to the polymer films. Commercially available, nonde-
gradable fibers, both ceramic and carbon, were laminated into biodegradable
resins for use as a model system. In vitro experiments with these materials
showed that the composites were capable of retaining sufficient strength and
integrity in a pseudo-physiological environment, throughout the period
normally required for formation of primary ossious union and subsequent heal-
ing. Implantation in dogs, conducted by the US Army Institute of Dental
Research (USAIDR), demonstrated the patency of the fiber-reinforced resin
systems in the promotion of healing in mandibular defects.

For the attainment of totally biodegradable fracture fixation systems,
polyglycolide (PGA) reinforcing fibers were incorporated into the polylactide
(PLA) resin. Fibers of PGA were melt-spun from high-molecular-weight polymer,
and were knitted into a tube-shaped configuration and coated with PLA, but the
resultant structure was too flexible for lamination. Commercially-available
PGA sutures were then formed into a continuous web, the web was coated with
polylactide, and the fiber-loaded film was laminated with other films of
poly(DL-lactide) (DL-PLA). The flexural modulus of the resulting laminated
sample, however, was judged to be too low.

To provide a biodegradable, reinforcing material with the sufficient
strength and modulus biodegradable ceramic fibers were examined as reinforce-
ment. Initially, we examined two bioabsorbable ceramic powders, 9-tricalcium
phosphate (9-TCP, whitlockite) and phosphate-free calcium aluminate (CaAl), as
potential fiber-forming materials. Hard, dense ceramic test samples could not



be obtained from pure, packed powders of these materials. Therefore, alterna-
tive methods were examined to produce continuous ceramic filaments. Although
dry spinning efforts were unsuccessful, wet-spinning mixtures of the materials
with two different polymeric binders a terpolymer of acrylonitrile, butadiene,
and methyl acrylate were found to be thermally stable. Ceramic loading,
oxidative pretreatment, coupling agents, and sintering conditions were
examined in an effort to improve spinnability and fiber properties. We were
able to prepare only very weak fibers from both the calcium aluminate material
and the 9-TCP. The fibers produced from these materials were, in general,
highly porous and fragile.

Consequently, we examined bioabsorbable glass as a fiber forming
material. Fibers of calcium metaphosphate (CMP), a totally bioabsorbable
glass, were prepared by pulling from the melt at 1050 *C and air quenching.
Smooth relatively uniform fibers were obtained by this procedure. The
strength and stiffness of fibers prepared from this material approached those
prepared from commercially produced glass. Initial composites fabricated by
using DL-PLA as the binder and CMP fiber for reinforcement, exhibited strength
and stiffness characteristics similar to those obtained with carbon or
alumina-reinforced DL-PLA plates. After optimization of the processing param-
eters, we were able to draw long, smooth uniform CMP fibers using this
process. Laminated composites fabricated using DL-PLA as the matrix material
and CMP fibers for reinforcement exhibited strength and stiffness characteris-
tics in excess of that reported for virgin bone.

The composites, however, exhibited a rapid loss of flexural properties
both in vitro and in vivo, particularly when cut (such as occurs when drilling
screw holes) or nicked. This phenomenon was thought to be the result of fluid
wicking into the composite through the fiber ends, which ultimately destroyed
the polymer/glass-fiber interface. Once this interface was destroyed, the
composite rapidly lost its flexural properties. To alleviate this wicking,
several methods were explored including; replacing the DL-PLA matrix with a
more hydrophobic matrix, L-PLA; reducing the diameter of the glass fiber to
more effectively coat the surface and provide better surface-surface inter-
action; and coating the composite with a more hydrophobic coating such as
polycaprolactone, to reduce or resist the amount of fluid wicking into the
composite. Although the wicking of fluid into the composite was not elimi-
nated, we were able to make composite plates that retained a substantial
portion of their flexural properties in vitro for over two months. Because
the bone is thought to have healed sufficiently to sustain loading after
approximately six weeks, we believe that this system should be adequate for
repair of some mandibular fractures.

II. INTRODUCTION

The need for improved methods and materials for the management of severe
maxillofacial wounds is well recognized in view of the substantial portion of
these received by soldiers during conflict. It has been estimated that
approximately 15% of survivable wounds sustained in modern military conflicts
have involved the maxillofacial area. Of these facial fractures, about 40%
required open or closed reduction. The majority of these injuries required
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hospitalization, and ultimately resulted in prolonged or permanent loss from
active military duty and subsequent loss of man-years of productive service.

Fracture fixation in maxillofacial surgery has traditionally been accom-
plished by the use of rigid metallic fixation plates or cribs with metal bone
screws used to attach the appliance to the surrounding bone. This method of
fixation is less than satisfactory for two reasons: 1) rigid fixation
devices, which are of primary importance in the promotion of initial fracture
union, may cause cortical bone to atrophy as the healing process progresses
and 2) additional surgical procedures are required for removal after healing
is complete, thus increasing surgical cost and patient inconvenience.

Ideally, fixation appliances should vary in stiffness as healing prog-
resses, transferring an increasing proportion of the mastication forces to the
mandibular bone as it becomes further ossified. This progressive load
transfer ensures that the forming bone is strained and exercised. Both
processes are necessary for the formation of healthy hard tissue that has
properties commensurate with those of bone. The development or a variable-
stiffness fixation device is best achieved by using a degradable polymer
system with degradation products that are nontoxic and harmless to the host.
A biodegradable material with properly tailored physical properties and degra-
dation kinetics would ensure the development of strong, healthy bone and would
eliminate the need for surgical removal of the fixation device on completion
of the healing process.

Bone consists of a framework of collagenous fibers, a mineral matrix,

which is primarily calcium hydroxylapatite, and a small amount of the polysac-

charides. Even though a large portion of the volume of bone is water, bones
are hard and tough. Although varying considerably in properties depending on
function, bones commonly have tensile strengths of 6000 to 20,000 psi and
values of modulus of elasticity of 1 to 3 X 106 psi. Metals are stronger and
stiffer than bone. Most polymeric materials are as strong as bone but more
deformable and require fiber reinforcement or crosslinking to equal the stiff-
ness of bone. Because fibers of traditional resorbable ceramic materials such
as tricalcium phosphate are not of sufficient strength for such a demanding
application, CMP, a resorbable glass/ceramic, was evaluated to be the best
fiber reinforcement for use in the polymeric plates.

Our evaluations have led to the development of a totally resorbablE
reinforcement plate, with retainment of sufficient flexural properties to
provide adequate reinforcement to the bone. The successful development of
this fixation system for the treatment of maxillomandibular fractures would
obviate many of the predisposing conditions seen in the Vietnam era. Inter-
maxillary fixation either would not have to be used or would be used only
briefly during the early phase of treatment. This would reduce the amount of
man hours lost during convalescence prior to their return to duty, ultimately
saving the Army both money and valuable service.
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III. METHODS AND MATERIALS

A. Polymer Synthesis

Several approaches exist for the improvement of the mechanical properties
of the thermoplastic polyesters. Both chemical and physical methods have
proven useful for other polymer systems. In the numerous technical publica-
tions and patents which deal with improvement in the flexural and moduli
strengths of thermoplastics, polymer molecular weight is the most common
variable. Often, the flexural strength can be increased as much as ten fold
by increasing the molecular weight of the polymer. For this reason, we
prepared high-molecular-weight biodegradable homopolymers and copolymers from
ultrapure monomers.

1. Monomer DreDaration

The first and perhaps most crucial step in any polymer development
program directed toward improving properties is the preparation of high-purity
monomers. This is especially true for biodegradable polymers of lactic and
glycolic acids. Examples of our effort to obtain high-molecular-weight biode-
gradable polymers are given below.

a. DL-lactide

Crude lactide was added to isopropanol, and the mixture was heated at the
boiling point until all the lactide dissolved. Heating was discontinued, and
the mixture was allowed to cool slowly to room temperature. The mixture was
cooled to 5 @C, and the crystallized lactide was isolated by inverted filtra-
tion. In the next recrystallization, one part of lactide was added to six
parts of benzene, and activated charcoal was added. The mixture was heated to
reflux and filtered while hot through a sintered glass funnel containing a bed
of glass wool. The mixture was then heated to the boiling point again, and
two parts benzene were removed by distillation to azeotrope out residual
water. The solution was allowed to cool to room temperature. The crystalline
lactide was isolated by filtration and protected from atmospheric moisture
with a rubber dam during the filtration. The recrystallization from benzene
was repeated twice more, without charcoal, and the lactide was dried under
vacuum and heat. The monomer had a melting point of 126-127.5 *C.

b. L-lactide

L-lactide was dried in vacuo at room temperature for 24 hours. The
crystals were then transferred to a round-bottom flask, and ethyl acetate was
added in the ratio of I mL of ethyl acetate per 2 grams of lactide. The
mixture was then brought to reflux for several hours until all the lactide was
dissolved and the solution was allowed to cool overnight. Crystallization was
enhanced by packing the flask in ice for several hours. The crystals were
then collected, and the recrystallization procedure was repeated a minimum of
three more times. At the end of the last recrystallization cycle, the
crystals were collected and dried in vacuo for 24 hours.
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All handling of the L-lactide crystals was conducted in a nitrogen-filled
glove box under nitrogen purge. All glassware wav oven dried at 150 "C for 24
hours, and assembly was carried out inside the dry box.

c. Glycolide

Glycolide monomer was prepared and purified by the following method. 65%
aqueous solution of glycolic acid was placed in a three-neck flask equipped
with a thermometer, a distillation head, and a condenser. The mixture was
heated to boiling, and the water was distilled off. When the water ceased to
distill, the system was placed under a water-aspirator vacuum, and the mixture
was maintained below 180 °C until the reaction water was completely removed.
The resulting molten low-molecular-weight PGA was slowly poured into stirred
isopropanol at 5 @C, and the prilled material was collected as a light brown
solid on a Buchner funnel. The polymer was dried in a vacuum oven at room
temperature for 24 hours.

The low-molecular-weight PGA was separated into smaller portions and
thermally cracked to form glycolide. Glycolide was catalyzed in a three-neck
flask, connected to two additional flasks utilized as receivers for the glyco-
lide, with 1% antimony (III) oxide. The pressure of the system was reduced to
about 3 mm, and the temperature was raised to about 270 °C over 8 hours. The
crude glycolide distilled as it formed and was collected as a solid in the
traps, which were cooled with dry ice and acetone. Thp light yellow distil-
late was melted and poured slowly into isopropanol at 5 °C, and the prilled
glycolide was collected by filtration and protected from atmospheric moisture
with a rubber dam during isolation. The yield of glycolide was 920 g (92%).

Several portions of prilled glycolide were combined and recrystallized
twice from dry ethyl acetate. The purified monomer was dried in vacuo in a
desiccator heated to 60 *C. The melting point of the purified glycolide was
79-80.5 *C.

2. Polymer preparation

One approach to achieving a high-molecular-weight polymer from cyclic
monomers was the use of a chain initiator in the polymerization to start the
growth of just a few polymer chains. The resulting polymers generally are
comprised of relatively long chains, and the number of chains approximately
corresponds to the number of molecules of initiator. Lauryl alcohol was
commonly used as the chain initiator in the preparation of various molecular
weight polymers of DL-PLA and L-PLA. Typical syntheses for thepe polymers Prd

for polyglycolide, using antimony trifluoride as a catalyst, are described in
the following sections.

a. DL-PLA

The following procedure is representative of that used in the preparation
of a typical batch of DL-PLA. In a dry, 2000-mL, three-neck flask equipped
with a mechanical stirrer and a nitrogen inlet was placed 1500 g of DL-
lactide, 15 drops of lauryl alcohol, and 0.3 g (0.02%) of tetraphenyltin. The
loading of the reaction vessel was carried out in a nitrogen-filled glove box.
The flask was removed from the dry oox, connected to a nitrogen line, and
placed in an oil bath preheated to 170 °C and stirred for 3 hours. Stirring
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was then discontinued, and heating was continued for an additional 18 hours.
The polymer was allowed to cool to room temperature, and then it was frozen in
a dry-ice bath. The flask was broken, and the frozen polymer was removed and
dissolved in methylene chloride. The viscous solution was poured slowly into
stirred methanol, and the precipitated polymer was collected and dried in
vacuo at 50 *C.

AttempLs to increase the molecular weight of the polymer by varying the
amount of lauryl alcohol were unsuccessful. A limiting step was reached
whereby the addition of additional lauryl alcohol had no effect on the molecu-
lar weight of the polymer. Further attempts to increase the molecular weight
of the plymer by this method were abandoned.

b. L-P

L-PLA was also prepared in our laboratories by a procedure similar to
that used for polymerizing DL-lactide. L-lactide, freshly recrystallized from
benzene, was dried in vacuo for 24 hours. Oven-dried (150 °C, 24 hours)
glassware was assembled in an atmosphere of nitrogen. Tetraphenyltin (0.029%)
and lauryl alcohol (1 drop from a standard Pasteur pipette) were added to 100
grams of the heated lactide. Heating was then continued at 170 °C for 18
hours, and stirring was continued until the polymer became too viscous to
stir, usually four to six hours. During the polymerization process, the
contents of the reactor vessel were kept under a nitrogen (ultrapure) atmo-
sphere. After the polymer was cooled, it was dissolved in dichloromethane and
reprecipitated into methanol to remove traces of monomer and low-molecular-
weight fractions. After it was dried overnight in vacuo to remove the
methanol, the inherent viscosity (IV) of the polymer was determined in chloro-
form. The inherent viscosity is used as an indication of MW, the higher the
viscosity,the higher the MW. For the upper limit, typical values of 1.5-2.0
dL/g were obtained.

c. PGA

Purified glycolide monomer was placed in a flask and distilled into a
flask for polymerization. The polymerization flask was equipped with a
mechanical stirrer and a gas adapter. Antimony trifluoride, 0.03% by weight,
was added as a catalyst. The reaction vessel was connected to a nitrogen line
and placed in an oil bath at 170 *C. Stirring was begun when all the
glycolide had melted. The reaction was stirred for 2 hours and 40 minutes at
which time it became too viscous to stir. Heating was continued for another 6
hours and then the polymer was allowed to cool slowly for 16 hours. The
reaction flask was broken away, and the polymer was ground in a Wiley Mill.
The ground polymer was demonomerized by heating it at 130 °C under vacuum for
132 hours. The inherent viscosity of the resulting polymer as measured in
hexafluoroacetone sesquihydrate at 30 °C was 1.27 dL/g.

3. Copolymer synthesis

One method of controlling the biodegradation rate of the bone-pl-te
materials was to use copolymers of lactide and glycolide. The copolymers with
higher glycolide content tend to degrade faster in vivo. These copolymers
also exhibit distinct advantages in physical properties, oarticularly higher
values of modulus, a result of the higher degree of crystallinity of the
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glycolide. For this reason, we investigated the synthesis of block copolymers
of lactic and glycolic acids.

Because higher MW PLA was available and because low molecular weight PLA
is needed in the synthesis of PLA copolymers, we initially prepared low
molecular weight PLA by steam autoclaving higher MW polymer. Fi.e I depicts
the correlation between inherent viscosity and autoclave-time for a I g sample
autoclaved at 120 *C and 15 psig. From this plot, we selected the appropriate
time to autoclave larger amounts of PLA. This polymer was then used in the
attempted synthesis of several block copoliers. However, high molecular
weight copolymers could not be produced from this polymer, and other
copolymers had to be synthesized.

The difficulty in producing high molecular weight copolymers of glycolide
and lactide rests in the difficulty in obtaining pure glycolide and in the
catalyst selected. To test the glycolide purity as well as the polymerization
conditions, approximately 100 g of 75/25 DL-PLA/rUA were prepared. The same
catalyst and reaction conditions were employed as were used in the preparation
of DL-PLA described previously. The copolymer thus prepared had an inherent
viscosity value, although it was less than that obtained for the DL-PLA
homopolymer, still representative of a high-molecular-weight material.

Because of the slight decrease in viscosity with the 75/25 copolymer, a
different catalyst was used to prepare 50/50 copolymer of DL-lactide and
glycolide. Rather than the tetraphenyltin and lauryl alcohol catalyst and
initiator system used for polymerization of DL-lactide, we used antimony
trifluoride as the catalyst without the addition of a chain initiator. Anti-
mony trifluoride is commonly employed as the catalyst for glycolide polymer-
izations. The 50/50 copolymer obtained from this polymerization had an
inherent viscosity of 1.02 dL/g measured at 30 °C in hexafluoroisopropanol.
PGA solvents such as hexafluoroisopropanol were required to obtain the proper
chain extension in solution. The viscosity value of this copolymer
represented high-molecular-weight material suitable for lamination studies.

4. Polymer fractionation

Because the biodegradable polyesters are polydisperse materials with wide
molecular-weight ranges, the polymers contain high-molecular-weight material
mixed with a significant portion of low-molecular-weight oligomers. Separa-
tion of the high-molecular-weight portion from the oligomers should give
polymers with higher molecular weights than normally obtained in polymeriza-
tion. A technique for the fractional precipitation of PLA was developed and
employed to fractionate PLA with an initial inherent viscosity of 1.33 dL/g.
The results obtained are given in Table I.

Because no significant increase was obtained, the polymer with an
inherent viscosity of 1.60 dL/g was the highest-molecular-weight PLA that we
obtained, we abandoned this method.

All the polymers that we prepared for fabrication into test samples were
characterized by inherent viscosity measurements and differential-scanning
calorimetry. We also developed a procedure for determining the number of
carboxylic acid endgroups in PLA to determine the percent reactivity as an
indication of molecular weight. Essentially, the procedure consisted of
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TABLE I. FRACTIONATION OF POLYLACTIDE

Paolymner Polymer Polymer Inherent
Fraction IPA Added. mL Wt. g Recovery Viscosity, dL/g

1 1300 44.27 63.2 1.60
2 165 10.24 14.6 1.16
3 140 - - -- - -

9



dissolving the polymer in chloroform and titrating to a phenol red endpoint
with 0.1 H sodium hydroxide in benzyl alcohol. As expected, initial results

indicated that the number of titratable endgroups varied inversely with the
polymer molecular weight (inherent viscosity). As Figure 2 indicates, a
linear relationship existed between the inherent viscosity and the number of
carboxylic acid (COOH) endgroups (equivalent COO{/106 gm). In addition, we
found that as much as 0.5% of lactic acid (or its equivalent) was removed from
the polymer when it was precipitated from dioxane into water.

B. Fabrication and Testing of Prototype Fixation Plate

To determine the physical properties of prototype fixation plates, we
initially prepared plates from biodegradable polymers and copolymers.
Attempts to injection mold and laminate these plates yielded samples with
insufficient strength and modulus to be used as bone-plate fixation
appliances. Attempts to increase the strength of these plates mechanically
also failed. Because commercial materials reinforced with glass and carbon
fibers proved to have superior properties to unreinforced material, we then
attempted to increase the strength of our biodegradable polymers with fibrous
reinforcement. Nonbiodegradable fiber-reinforced polymer showed such an
improvement in plate strength that we then attempted to locate a degradable
reinforcing material. Although we were unsuccessful in locating a ceramic
reinforcing material, we did obtain sufficient strength with a biodegradable
glass fiber, calcium metaphosphate (CMP). The physical properties of these
plates were then refined to achieve an appliance suitable for use in bone-
fixation.

1. Preparation of polymeric test specimens

The DL-PLA polymer prepared described previously was then fabricated into
samples 3 in. X 0.5 X 0.125 in. for flexural testing by an ASTM method. In
the initial fabrications, we used melt-injection equipment, but we later
changed to lamination of cast films due to polymer degradation during
injection-molding.

a. Injection molding

Two predried samples of DL-PLA (IVs - 0.45 and 1.30 dL/g) were injection
molded at 135 °C and 225 °C, respectively. Upon visual examination of the
molded samples, the higher MW DL-PLA had apparently degraded. Inherent
viscosity measurements of the molded polymer confirmed this observation a
decrease in the IV from 1.30 dL/g to 0.7 dL/g). This was a result of
prolonged -xposure to heat, moisture, and oxygen, which rapidly degraded the
DL-PLA. Because exposure to air during the molding process could not be
eliminated, an alternative method was investigated.

b. Lamination

As an alternate method of fabricating samples, lamination of polymer
films was investigated. Thin films of DL-PLA (IV - 1.25 dL/5) were prepared

by a spin-casting technique. A dilute solution of the polymer in 1,1.1-
trichloroethane was added to a teflon-coated cup which was rotating at 3500
rpm. To remove residual solvent, the films were dried in vacuo. The films
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lamination. The laminate appeared to be a homogeneous structure when viewed
in cross section. Similar films were prepared with dioxane as the casting
solvent. This method of sample preparation resulted in a small inherent
viscosity loss (approximately 5% of the initial viscosity as compared to
approximately 50% of the initial viscosity of the injection molded polymer).

c. Annealinz

To improve'the flexural strength of injection-molded PLA samples, the
effect of annealing on their mechanical properties was studied. Annealing
plastics have often yielded high-strength materials by elimination of indi-
cated stresses. The temperature and duration of the annealing process is
usually dictated by the glass transition temperature and thermal stability of
the specific polymer. If residual stresses were incorporated into the sample
as it cooled after the molding process, annealing the sample should have
removed these stresses and increased the material's resistance to fracture.
Annealing a sample for several hours at a temperature close to the glass--
transition temperature allowed the polymer segments to realign themselves in
an orderly fashion. However, the resulting sample did not have improved
physical properties. Apparently, the injection-molded samples of amorphous
PLA did not benefit from annealing.

d. Orientation

As a unique approach to increasing the strength of the polymeric plates,
we examined the method used by suture manufacturers for increasing the
strength of polymeric fibers. In the production of synthetic sutures, the
melt-spun fibers are rarely strong enough to be useful when they are first
spun. However, if the fibers are drawn in the presence of heat, the
mechanical properties increase dramatically. The drawing process aligns the
polymer chains and affords a high degree of orientation. Almost all synthetic
fibers are treated in a similar fashion, but the process is not as widely used
for other plastics of different geometry.

Therefore, we chose to evaluate the effects of this process on a lami-
nated sample of DL-PLA. A sample, I by 0.25 by 3 in., was prepared and
oriented by drawing it to two times its original length at the rate of 2
inches per minute in an Instron equipped with a heating chamber. Although
problems were encountered with the sample "necking" and slipping out of the
clamps, a sample was obtained suitable for testing. These results are
reported in Sections 3 and 4.

2. Preparation of fiber-reinforced polymeric test specimens

Incorporation of reinforcing fibers in polymcric materials has proven to
be a useful procedure for improving their mechanical strength. Short fibers
of glass, carbon, and synthetic polymers have been incorporated within polymer
matrices as inert fillers, and woven fabrics have been i.ipregnated and Lami-
nated with plastic and elastomeric films. These approaches offer advantafes
in improvement of mechanical strength and stiffness.
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a. Nonresorbable fiber reinforcement

One method of reinforcement was the use of nonresorbable fiber such as
carbon and ceramic fibers. Carbon fibers had been shown to be bicompatible,
posing no threat to the body if they were unable to migrate from the implanta-
tion site. Other investigations had shown that carbon fibers were encapsu-
lated by the regenerating bone as healing proceeds. Because high-modulus
carbon fibers are well known for their ability to improve mechanical proper-
ties, such as flexural strength and modulus in other composite materials, we
investigated their ability to improve the properties of biodegradable polymer.
As an alternative approach, we also examined ceramic fibers. Due to advances
in the ceramic industry, relatively inexpensive ceramic fibers had become
commerically available and were becoming more prevalent in industrial
products. Several of these fibers such as Nextel, appeared suitable for use
in biomedical devices. For these reasons, and because of their -uperior
properties, we elected to examine ceramics fibers as possible reinforcing
materials.

1. Preparation of films

We prepared DL-PLA films reinforced with both fabrics and yarns to
determine the utility of the materials in the fabrication of fracture-fixation
plates with improved flexural properties. We used fabrics of both carbon and
ceramic fibers. The carbon fabric was produced by carbonization of a fabric
of rayon yarns. The ceramic fabric contained 3M Company's Nextel 312 ceramic
fibers. Non-reinforced PLA films were used to fabricate control samples.

Films of PLA were prepared from polymers having inherent viscosities of
0.58, 1.14, 1.27, and 1.33 dL/g as measured in chloroform at 30 *C. These
viscosity values represent low- and medium- molecular-weight polymers. All of
the PLA films were prepared by the method described previously. E-dioxane was
used as the solvent. A similar procedure was used for the preparation of
fabric-reinforcf i films. The 2-dioxane/PLA solution was injected into Mylar-
lired spin cups. When most of the solvent had evaporated, a sheet of the
carbon or ceramic fabric cut to the same 3 x 9 in.-size was placed in the cup
onto the tacky PLA film. Additional PLA/p-dioxane solution was injected into
the rotating cup, and the solvent completely evaporated. The dried film was
then cut into 3 x 0.5 in. strips.

The preparation of the fiber-reinforced films required a different proce-
dure from that used from the PLA and fabric-reinforced films. Fiber was
slowly wound around the outer surface of a 4.5 in. diameter plastic jar. A
solution of PLA in Q-dioxane was sprayed on the band of yarns. Subsequent
coats of PLA were applied and dried until the exposed side of the fibers was
completely covered with polymer. The thin film containing fibers and polymer
was removed, dried, and the uncoated side of the fibers was then coated with
PLA until the fibers were completely enclosed in a polymer matrix. The
fibrous film was dried and cut as described previously. We used both carbon
and ceramic fibers. The car n fibers were Thornel 300 graphite yarns,
produced by Union Carbide from a pitch precursor, and Thornel 50 carbon yarns,
produced by carbonization of polyacrylonitrile (PAN). The ceramic fibers were
Nextel AB 312 obtained from 3M Company and Fiber FP developed by DuPont.
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2. • Laminate oreparation

The size of the specimens required for ASTM Test D790 for flexural
strength was a beam 0.125 inch thick, 0.5 inch wide, and a minimum of 2.5
inches long. The thin cut films described previously were laminated in a
heated press to produce a sample of the desired 0.125 inch in thickness.
Control samples of the PLA films and laminates containing carbon fibers were
prepared at 80 *C. Subsequent test samples were prepared by cutting PLA and
fiber- or fabric-impregnated PIA films into 3 x 0.5-in. pieces and placing
them in alternate layers in a heated press at 65 "C under pressure until they
completely fused to form a laminate structure.

The flexural properties of fiber-reinforced materials are highly depen-
dent upon the amount of fiber that is added to the polymer. To determine the
optimum level of carbon fabric needed in the PLA composites, we prepared
laminates which contained 43, 55, 57, and 67% of carbcn. These laminates were
fabricated by varying the number of carbon layers and PLA layers used to form
the laminate.

b. Biodegradable fiber reinforcement

The best fiber reinforcement for a biodegradable polymeric implant would
also be biodegradable; thus, we examined the use of an absorbable fiber
system. Fibers of polyglycolide were prepared by melt spinning the resin with

a ram extruder at 235 *C. Some of these fibers were drawn (oriented) and
knitted into a tube. The knitted fabric was then stretched tightly over two
posts and painted with several coats of a solution of PLA in methylene chlo-
ride until it was completely encapsulated in the polymer. The fabric-rein-
forced film was then cut free of the posts and dried in vacuo. The resulting
film was far more flexible than a film of PLA alone. We did not prepare any
laminates from this film due to lack of reinforcement from its high extensi-
bility.

Because the knitted fabric was too flexible for reinforcement, fiber
reinforcement was examined. Dexon sutures, consisting of high-strength
braided PGA fibers, were obtained commercially in thirty-inch lengths. The
sutures were tied together to produce one continuous braid, and then wrapped
around two posts which were 3 inches apart. Each layer of fibers were
completely encapsulated with a solution of PLA in methylene chloride. The
film was then cut free of the posts and dried in vacuo. These films were firm
and were then laminated at 45 °C into plates using the method described for
lamination of the carbon samples. The reduced temperature was required in
order to remain below the glass transition temperature of the PGA fibers. At
this temperature the fibers would have undergone a phase transition which
would have allowed them to relax and thereby lose the strength that was gained
from the drawing process. Laminates containing suture fibers were prepared
w ith the fibers running in the longitudinal direction (along the 3-inch length
of the sample) such that the fibers would be broken by the flexural strength
test. Samples of laminated, PGA-reinforced DL-PLA were also oriented by
drawing the samples on a heated platen to 1.2 X. These samples were more firm
and rigid than were undrawn samples.
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3. Determination of flexural Drooerties

The determination of flexural strength was carried out in accordance with
ASTM Procedure D790 "Flexural Properties of Plastics" - Method I. This test
was designed for rigid or semi-rigid materials that broke or ruptured before a
maximum strain of 5% was reached in the outer surface of the samples. A
three-point loading system utilizing center loading on a beam resting on two
supports set 2 inches apart was affixed to a tensile testing machine. The
samples were subjected to an increasing deflection at a rate of 0.02 inch per
minute. The flexural strength, S, and the tangent modulus of elasticity, E.,
were calculated according to the following equations:

S - 3PL/2bd2

and: El - L3m/4bd
3

where: S - stress in the outer surfaces at midspan,

P - load at a given point on the load-deflection curve,
L - support span,
b - width of beam,

d - depth of beam,

EB - modulus of elasticity in bending,
m - slope of the tangent to the initial straight-line portion

of the load-deflection curve, force/instrument of
deflection

Our procedures for testing the bone plate samples were identical to those used
by other investigators who had previously supplied USAIDR with polymer speci-
mens. The results should be directly comparable.

4. Results of flexural tests

The DL-PLA samples prepared by injection-molding demonstrated the effects
of molecular weight upon flexural properties. Although the values were dif-
ferent, the same relationship was illustrated by flexural tests on DL-PLA
laminates. These results, given in Table II, show that higher-molecular-
weights did not improve the flexural properties of Pit% polymers. In fact, the
higher-molecular-weight polymers gave laminates with lower flexural properties
than those of the low-molecular-weight materials. Because we used amorphous
DL-PLA in our laminates, the only resistance to bending was derived from
intramolecular and intermolecular forces with no crystallinity effects. The
longer polymer chains in the high-molecular-weight materials with their inter-
chain entanglements allowed the material to bend and flex more before break-
age. Thus, higher molecular weights in amorphous polymers yielded tougher
materials with the ability to flex and absorb impact, but they did not improve
the rigidity and resistance to bending forces.

In our lamination process, we detected differences in flexural properties
of PLA films cast from different solvents. Films cast from poorer solvents
gave laminates with better mechanical properties as shown in Table III.
Dioxan was a better solvent for PLA than l,l,l-trichloroethane because the
inherent viscosity of the PLA material in dioxane was 1.28 dL/g compared to a
value of 0.88 dL/g in l,l,l-trichloroethane. Apparently the poorer solvation

diminished the extent of coiling and interchain entanglement with a resultant
increase in density and modulus.
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TABLE II. EFFECT OF MOLECULAR WEIGHT ON FLEXURAL
PROPERTIES OF PLA

Flexural Modulus of
Fabrication Initial inherent strength elasticity
method viscosity, dL/g x 103 psi x 106 psi

Melt-injection 0.45 6.9 1.73

Melt-injection 1.30 10.5 0.48

Spin-casting 1.33 5.8 0.27

Spin-casting 1.60 2.8 0.14
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TABLE III. EFFECT OF SOLVENT ON MECHANICAL PROPERTIES
OF POLY(DL-LACTIDE)

Inherent viscosity, dL/g Casting Flexural strength Flexural modulus

Initial Final solvent X 103 psi X 106 psi

1.33 1.28 Dioxane 5.8 0.27

1.33 -- TCEa 7.1 0.31

1.30 0.76 Melt 10.5 0.48

aTCE 1,1,1-trichloroethane
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Nonresorbable fiber reinforcement of PLA samples gave the most signifi-
cant improvement in flexural properties. The test results for reinforced
samples are presented in Tables IV and V. As evident from the data shown in
Table IV, the percentage of carbon in the laminate was critical in obtaining
high flexural properties. A value of 55% by volume carbon in the laminate
appeared to be the optimum level for reinforcement. Too much carbon fiber in
the laminate showed the same detrimental effect upon flexural properties as
too low a level. Based upon these data, we fabricated all subsequent samples
with the optimum level of 55% of carbon fiber reinforcement. The addition of
11% of carbon fabric in the form of one layer of carbon weave in the center of
the laminate had little effect on the modulus, although it did improve the
flexural strength. The modulus was similar to the control sample because a
beam under a three-point load experiences the most stress on the outside faces
where it is being compressed or stretched to the greatest degree. Theoreti-
cally, the middle of the beam experiences no stress; so as expected, placement
of the carbon weave in the center did not improve the modulus. However, the
flexural strength of this sample was increased because of the higher tensile
strength of the carbon fibers which were broken in the test. The addition of
55% of carbon fabric in the form of alternating layers of carbon weave films
and PLA films resulted in dramatic increases in both the flexural strength and
modulus. The flexural strength value represents a 460% improvement over the
control; while the modulus value shows an improvement of 690%. In this
sample, the reinforcing carbon fibers were located at points of high stress
and thus gave the expected improvement in properties.

To determine the effects of lamination pressure on the composite, we
prepared laminates under various pressures. These results indicated that
increasing the pressure provides for better coating of the fiber, however,
more and more polymer is pressed from the ends of the mold as the pressure
increases. Ultimately, this increases the carbon loading above the 55% load-
ing desired, thereby reducing the strength of the composite. To alleviate
this problem, a closed-end mold was tooled. This mold prevented the loss of
matrix polymer while allowing excess polymer to escape. Composites fabricated
using this mold yielded the desired results.

The data in Table IV illustrates the effect of pressure on the mold
during the lamination process. The open mold with a low pressure gave lami-
nates with better flexural strength than those produced in open molds with
high pressures. As before, the higher pressure on the open molds forces the
PLA material out of the laminate and yields a composite with a higher level of
carbon than desired.

The properties of the laminates produced with low mold pressure are not
affected by the type of mold used in the lamination. However, the properties
of the laminates produced with high pressure are significantly influenced by
the type of mold as shown by the 55% carbon-loaded samples. The values of
flexural strength and flexural modulus determined with the laminate containing
55% carbon made in the closed mold with high pressure was comparable to the
55% carbon loaded sample laminated with low pressure in the open mold.

The results obtained with the Dexon sutures recorded in Table V were not
as encouraging as those obtained with the carbon fibers. Because the braided
sutures will extend to some length before they become taut, at which point,
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TABLE IV. FLEXURAL PROPERTIES OF CARBON-REINFORCED
POLY(DL-LACTIDE) LAMINATES

Flexural Flexural
Reinforcement Pressure Type strength, modulus,
Material Loading, on mold of mold x 103 psi x 106 psi

Control 0 Low Open 5.8 0.27

Carbon 11 Low Open 7.5 0.27

Carbon 55 Low Open 27.0 1.83

Carbon 57 Low Open 20.6 0.78

Carbon 43 High Open 14.6 0.56

Carbon 55 High Open 18.0 0.92

Carbon 57 High Open 13.7 1.09

Carbon 67 High Open 8.4 0.49

Carbon 57 Low Closed 18.6 0.79

Carbon 55 High Closed 26.2 1.20
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TABLE V. FLEXURAL PROPERTIES OF DEGRADING YARN-REINFORCING

POLY(DL-LACTIDE) LAMINATES

Flexural Flexural
Reinforcement Pressure Type strength, modulus,

Material Loading, % on mold of mold x 103 psi x 10 psi

Control 0 Low Open 5.8 0.27

PGA sutures 50 Low Closed 2.3 0.9

oriented

PGA sutures 50 Low Closed 4.1 0.20

PLA-oriented 0 Low Open 9.9 l.o6
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they elongate, the test specimens containing the Dexon sutures did not break.
To obtain reinforcement with the sutures, it would be necessary to remove all
the extension or elongation in the fibers.

Orientation of the PLA samples by hot drawing increases the modulus of
elasticity as shown in Table V. In breaking the control sample, little
resistance is encountered to bending under the three-point load because the
strain is absorbed by the chains as they straighten out. Orientation of the
samples "pre-straightens" the chains and provides increased resistance to any
further bending. Therefore, a high modulus is obtained although the flexural
strength is similar to the unoriented control.

Due to difficulties in preparing samples, we modified the procedure for
the use of open molds to obtain high-strength composites. In the improved
procedure, alternate layers of PLA and fibrous-reinforced PLA are fused one
layer at a time in a press at 70-75 °C and 2,000-3,000 psi. At the tempera-
tures and pressures employed in the improved procedure, we encountered only
minor amounts of composite flashing or spreading.

The flexural properties of the fibrous-reinforced composites are given in
Table VI, along with the polymer inherent viscosity, the sample thickness, and
the force required to bend the sample to its breaking point. The data in
Table VI support several important hypotheses and conclusions. First, the
continuous-filament yarns yielded composites with higher flexural properties
than those with fabric reinforcement. 100% of the fibers, when longitudinally
arranged, provide reinforcement, whereas, fabrics, because of their biaxial
fiber arrangement, provide only partial reinforcement. In addition, the
flexural properties of these fiber-reinforced composites were superior to that
of bone and equivalent to the target values established in our research
proposal. These materials were not completely biodegradable, however, and
served only as a model for designing systems with sufficient strength and
rigidity.

A second conclusion confirmed by the data in Table VI is that within the
range studied, higher-molecular-weight PLA does not yield composites with
improved initial flexural properties. In fact, the lower-molecular-weight PLA
(0.58 dL/g IV) gave a composite with carbon fabric which displayed better
flexural strength than a similar composite with PLA of higher molecular weight
(1.14 dL/g inherent viscosity). This same result was seen in our earlier
tests with non-reinforced PLA samples. Apparently, the long chains of the
high-molecular-weight polymer provide more flexibility due to entanglement
with adjacent chains, whereas the shorter chains afford greater rigidity.

A third fact emphasized in Table VI is that the values of flexural
strength and flexural modulus are independent of the sample thickness since
that value has been used in the calculations to derive the flexural proper-
ties. However, the load or force required to break the sample is a function
of sample size. Thus, although the ceramic and carbon yarn composites have
almost identical flexural properties, the ceramic yarn composite with a thick-
ness of 0.159 in. will resist at least twice the force before breaking of the
carbon yarn composite with a thickness of only 0.109 in.
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TABLE VI. FLEXURAL PROPERTIES OF FIBROUS-REINFORCED
POLY(DL-LACTIDE) LAMINATES

Polymer Sample
viscosity, L,& E, thickness,

Fiber dL/g lb x 103 psi x 108 psi in.

Nextel 312 1.14 119.6 28.4 1.8 0.159
Ceramic yarn

Nextel 312 1.14 24.1 11.6 1.3 0.116
Ceramic fabric

Thornel 300 1.14 48.8 24.3 1.7 0.109
Carbon yarn

Rayon VCL 1.27 27.5 12.7 0.6 0.115
Carbon fabric

Rayon VCL 0.58 33.8 20.9 0.8 0.102

Carbon fabric

'Average breaking load.

bAverage flexural strength.

cAverage flexural modulus.
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5. Property retention: in vitro test results

Because the fibrous-reinforced laminates possessed satisfactory initial
flexural properties, we then evaluated the retention of these properties in
vitro. The fibrous-reinforced laminates were exposed to a phosphate-buffered
saline solution (0.2 t, pH 7.4) at 37 °C for 2, 4, 6, and 8 weeks to simulate
conditions in vivo. After the appropriate exposure time, the samples were

removed, blotted dry, and conditioned for 24 hours in a room with controlled
temperature and humidity. The conditioned samples were then tested for
flexural properties.

The results of these studies are shown in Tables VII-IX. The flexural
strength and flexural modulus values are also presented graphically in Figures
3 and 4. As expected, the data from our tests showed a decrease in flexural
properties of the samples with their exposure to the saline solution. How-
ever, the rate of decrease in properties with the samples prepared with carbon
fabric and ceramic yarns was very rapid. The carbon fabric-reinforced samples
had only marginal flexural strength and flexural modulus values initially, and
within two weeks the flexural properties of these samples degraded to unac-
ceptable values. The ceramic yarn-reinforced samples had superior values of
flexural properties initially, but within four weeks, these values had
decreased to marginal levels.

The thinner samples of ceramic yarn-reinforced PLA, identical to those
sent to the Army for in vivo tests, provided better retention of properties.
Even after eight weeks, the thinner samples yielded excellent values of
flexural strength and flexural rodulus. The improved retention of properties
was probably due to improvements in lamination with the thinner samples.

As mentioned earlier, the flexural properties are independent of the
sample thickness, but the load required to break the samples is proportional
to the thickness of the plate. Thus, the thicker samples of ceramic yarn-
reinforced materials even after 8 weeks of exposure required almost twice the
force to break as the thinner samples. These values are shown in Tables VIII

and IX.

6. Further reinforcement with carbon and ceramic yarns

As a result of the test data presented in the previous sections, we then
evaluated the carbon and ceramic yarn reinforcement effects of polymers with

low-(IV-0.67 dL/g) and medium-molecular-weight (IV-l.04 dL/g) respectively,

The fiber-reinforced composites were prepared by the same general proce-
dure as described previously. Films of PLA with the appropriate viscosity
values were fabricated and then laminated with fiber-reinforced films of the

same polymer. The reinforcing fibers consisted of either carbon or ceramic
materials.

As reported previously, we were able to obtain high-strength composites
using our open-mold lamination procedure. Because initial animal experiments
conducted by the Army suggested that we needed thinner composite plates, we
prepared the new composites with four layers of fiber-reinforced film and
three layers of PLA film.
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TABLE VII. RETENTION OF FLEXURAL PROPERTIES FOR
CARBON FABRIC-REINFORCED LAMINATES

Exposurea Lb §,b fb cample
time, days lb x 103 psi x 106 psi thickness, in.

0 75.4 15.0 0.8 0.182

14 46.2 9.8 0.5 0.172

28 51.2 8 0.5 0,193

42 43.9 7.0 0.4 0.207

56 33.7 3.9 0.3 0.214

aPhosphate-buffered saline solution at 37 'C.

bSee Table II for explanation.
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TABLE VIII. RETENTION OF FLEXURAL PROPERTIES FOR
CERAMIC YARN-REINFORCED LAMINATES

Exposurea b b b Sample
time, days lb x 103 psi x 106 psi thickness, in.

0 129.3 39.6 2.5 0.143

14 71.5 19.4 1.5 0.153

28 50.2 12.2 0.8 0.172

42 52.6 11.3 1.1 0.175

56 54.0 10.9 1.2 0.180

aSee Table III for explanation

bSee Table II for explanation.
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TABLE IX. RETENTION OF FLEXURAL PROPERTIES FOR THINNER
CERAMIC YARN-REINFORCED LAMINATES

Exposurea Lh b f b b Sample
time, days lb x 103 psi x 106 psi thickness, in.

0 27.1 31.3 2.5 0.078

14 33.7 26.5 2.4 0.094

28 29.4 24.9 2.3 0.095

42 27.3 23.8 2.2 0.090

56 28.0 23.7 2.0 0 092

aSee Table III for explanation.

bSee Table II for explanation.
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7. Determination of flexural properties of yarn-reinforced materials

The fiber-reinforced laminates with PLA were tested for flexural strength
and modulus according to ASTM D-790 as described in Section III.B.3. The
results of these tests are given in Table X with data also on the inherent
viscosity of the polymer, the sample tlickness, and the force required to bend
the sample to its breaking point. Studies to determine the retention of
properties in vitro were also conducted.

a. Initial evaluation of laminated plate

From the data in Table X, we see that the composites reached preproposed
target values for PLA bone plates of 20,000 psi for flexural strength and 2 X
106 psi for flexural modulus. The values obtained with the low-molecular-
weight PLA and carbon fiber composite are much higher than required. As
expected, the low-molecular-weight PLA gave composites with higher values of
flexural properties. However, the major factor in composite strength appears
to be the type of reinforcing fiber. The carbon fiber gave laminates with the
highest values of flexural properties followed by the ceramic fiber lami-
nates. A possible explanation for these results may be derived from the
tensile properties of the various fibers as shown in Table XI. The tensile
strength of the carbon fiber yarn is greater than that for the two ceramic
fibers. In fact, the flexural properties of the composites tend to compare in
relative order with the tensile strengths of the fibrous reinforcement.
Tensile modulus values of the reinforcing fibers do not appear to be as impor-
tant for composite properties as do the tensile strength values. This fact is
illustrated by both Thornel 50 and Fiber FP having essentially the Lame
tensile modulus values, but the flexural properties of composites from these
two materials are quite different.

Although the flexural properties of the PLA composites tend to correlate
with the tensile-strength values of the reinforcing fibers, another factor may
be responsible for some of the observed differences. Some of the high-modulus
reinforcing fibers are coated with an organic polymer known as a sizing agent,
and used to improve the compatibility and wettability of the fibers to impreg-
nating resins. Thus, the Thornel 50 yarns contain an acrylic size, the Nextel
AB 312 fibers normally contain either an acrylic or polytetrafluoroethylene
size, and the Fiber FP yarn contains a small amount of silica size. The size
on the reinforcing fiber probably influences the adhesion of the polymer to
the fiber with resultant changes in flexural properties.

b. In vitro evaluation of laminated plates

The fiber-reinforced PLA composites prepared with low- and medium-
viscosity polymers were also subjected to in vitro degradation tests. Degra-
dation studies on control samples with no fiber reinforcement were also
conducted. For the degradation studies, we employed a phosphate-buffered
saline solution (0.2 M, pH 7.4) at 37 °C. Samples were removed after 2, 4, 6.
and 8 weeks and tested for retention of inherent viscosity and flexural
properties. All samples were dried at 70 °C overnight and conditioned in a
constant-temperature (23 °C) and constant-humidity (35% RH) room before being
broken in the standard flexural test. For viscosity measurements, we
dissolved the samples in dichloromethane, filtered the solution to remove the
reinforcing fibers, and evaporated the dichloromethane under conditions of
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TABLE X. FLEXURAL PROPERTIES OF FIBER-REINFORCED LAMINATES
FROM LOW- AND MEDIUM-VISCOSITY MATRIX POLYMER

Polymer Sample
viscosity, ,a L E, thickness,

Fiber dL/g lb x 103 psi x 108 psi in.

Nextel AB 312 1.04 77.7 23.5 1.3 0.161

Nextel AB 312 0.67 27.2 27.5 2.0 0.083

Thornel 50 1.04 144.7 25.3 1.6 0.215

Thornel 50 0.67 61.1 47.9 5.7 0.091

DuPont Fiber FP 1.04 58.3 10.1 1.1 0.215

DuPont Fiber FP 0.67 62.5 14.1 1.5 0.170

aSee Table II for explanation.
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TABLE XI. MECHANICAL PRuPERTIES OF
REINFORCING FIBERS

Tensile strength, Tensile modulus,
Fiber x 103 psi x 106 psi

Thornel 50 320 57

Nextel AB 312 250 22

Fiber FP 200 55
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heat and vacuum. This procedure not only served to remove fibers, but it also
ensured a more homogeneous sample for viscosity measurements. The inherent
viscosity of the polymer was then measured in chloroform at 30 *C.

The results of the degradation studies for low- and high-molecular-weight
samples are presented in Figures 5-10. These figures show the same decrease
in flexural properties with exposure time as observed for other composites.
The loss in flexural properties of the composite was assumed to result from
hydrolytic degradation of the polymer, which lead to delamination of the films
or voids in the composite. These voids created cracks and weak spots in the
laminate with a subsequent loss in strength.

The viscosity losses shown in the figures followed the expected behavior.
We obtained an almost linear decrease in viscosity during the first several
weeks, but the rate of decrease slowed, for initially high-molecular-weight
material, during the last weeks as lower-molecular-weight polymer was formed.
Hydrolysis of the long molecular chains of higher-molecular-weight polymer
leads to the short chains of lower-molecular-weight polymer with a rapid
decrease in viscosity. This effect becomes less pronounced with hydrolysis of
the shorter polymer chains.

During the in vitro degradation studies, we also determined the weight
loss of the exposed samples after two, four, six, and eight weeks. These
results agree with those of other investigators who found very little weight
loss with PIA until the polymer had degraded to a material with such low
molecular weight as to be water soluble.

Even though the three fibers used for reinforcement in these samples are
not biodegradable, the degradation study shows the gradual loss of flexural
strength and modulus of elasticity, which may be expected in any fiber-
reinforced system with PIA. This degradation, producing a gradual loss of
laminate strength, will permit an increasing transfer of load to the
developing bone. The gradual load transfer to the newly forming bone will
result in considerably stronger bone scaffolding by reducing "stress-
protection" atrophy.

Our in vitro data indicated that satisfactory flexural properties were
maintained for four to six weeks. After this period, new bone should have
formed, and it should be able to support part of any external load. Prelimi-
nary evidence from the in vivo study in canines conducted by the Army with
these fiber-reinforced biodegradable plates showed good bone growth and
stability.

C. Selection of Sterilization Procedure

The PLA composites were to be sterilized before use as mandibular cribs.
Sterilization by gamma irradiation or ethylene oxide appeared to be the only
methods available because steam autoclaving caused a significant degradation
of the polymer. Typically, gamma irradiation has been used for the steriliza-
tion of PLA microcapsules produced in our laboratories. The effect of irradi-
ation on the load-bearing character of PLA polymer, however, had not been
determined. Therefore, we used both ethylene oxide and gamma irradiation to
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sterilize composites containing PLA with viscosities of 0.67 and 1.04 dL/g to
determine which procedure was the more acceptable.

The gamma-irradiation sterilization consisted of an exposure of the
composite plates to 2.0 megarads of irradiation from a cobalt-60 source.
Ethylene oxide sterilization was achieved by exposure of the samples to
ethylene oxide for three hours at 60 *C. The sterilized samples were then
tested for retention of flexural properties and inherent viscosity. The
results of these tests show a greater loss in polymer viscosity with gamma-
irradiation than with ethylene oxide sterilization in Tables XII and XIII.
Apparently the irradiation caused chain clevage of the polymer. With ethylene
oxide exposure, we observed essentially no loss in polymer viscosity. How-
ever, both sterilization methods decreased the flexural properties of the
composites. Based upon the results of these tests, we recommend ethylene
oxide as the preferred method for composite sterilization.

D. Preparation of Plates for the Army's Canine
Mandibular Repair Study

We prepared samples of fiber-reinforced laminates for evaluation by the
Army in a canine implant study concerned with the repair of mandibular frac-
tures. The Army reported thac in earlier mandibular repair experiments with
polylactic acid materials, the polymeric bone plates warped to such extents
that they actually pulled the bone screws away from the mandible. We
developed methods for preventing the warpage, and we examined harvested plates
for retention of initial properties and material integrity.

1. Prevention of warpage

For our initial samples of mandibular cribs, we prepared samples of
ceramic yarn-reinforced PLA, applied heat, and bent them around a rod to
obtain the desired curvature. In vitro studies showed that the cribs almost
completely opened up after only 2-4 days of exposure. Apparently, residual
stresses were induced in the crib during the bending operation, and upon
exposure to heat, the sample tended to return to its original configuration to
relieve these built-in stresses.

To avoid this warpage of the cribs, we annealed several samples. The
process of annealing, commonly used with polymers and glass, consists of
heating the material above the glass-transition temperature of the polymer in
its bent shape for extended periods to relieve the residual stresses. The
results of our annealing experiments, as shown in Table XIV, indicate a
significant decrease in warpage. Tw3 samples which were bent into cribs and
annealed for 16 hours were sent to the Army for in vivo testing in dogs.

We also used another method to prevent warpage of the sample cribs.
Samples were prepared with a process whereby two reinforced plates were
connected with a flexible hinge of PLA polymer. Because the film of PLA used
as the hinge or bent portion of the crib was quite thin, it did not have
sufficient strength to warp the two reinforced plates even if slight stresses
are generated during the bending operation. Six mandibular cribs fabricated
in this fashion were sent Lo the Army for in vivo testing.

39



TABLE XII. EFFECT OF STERILIZATION ON HIGH-VISCOSITY

POLYIACTIDE COMPOSITES

Retention of Properties after

Sterilization, %
Gamma irradiation Ethylene cxide

Composite §a fa IVb IV

Nextel 312 68 54 71 105 100 100

Du Pont Fiber FP 86 100 70 95 100 94

Thornel 50 92 75 73 80 56 101

aSee Table II for explanation.

blnherent viscosity.
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TABLE XIII. EFFECT OF STERILIZATION ON LOW-VISCOSITY
POLYLACTIDE COM4POSITES

Retention of Properties after
Sterilization, %

Gamma irradiation -Ethylene oxide
*Composite §a a IVb S E IV

Nextel 312 64 50 75 58 45 95

Du Port Fiber FP 100 107 86 83 80 109

Thornel 50 62 32 81 84 57 102

'See Table II for explanation.

bInherent viscosity.



TABLE XIV. EFFECT OF ANNEALING ON STABILITY
OF MANDIBULAR CRIBS

Separation between plates, in.
Exposurea
time, days Control Annealed 4 h Annealed 7 h

1 0.615 0.745 0.545

2 0.826 0.843 0.580

4 open 0.855 -

5 0.857 -

6 - 0.695

7 0.857 0.695

11 0.880 -

21 0.940 0.890

'See Table III for explanation.

42



2. Evaluation of plates harvested from canine implant study

During the third year of the contract, we received three dog mandibles
from USAIDR. These mandibles had been fractured and repaired with bone plates
that we had supplied to the Army. The plates comprised PIA reinforced with
Nextel 312, a nonbiodegradable ceramic fiber. The mandibles represented in
vivo test periods of 3, 8, and 12 weeks. The polymeric bone plates were
removed from the dog mandibles, and standard flexural test and molecular-
weight determinations were performed.

Prior to their flexural testing, samples were dried. Following the
flexural testing, polymer and ceramic fibers were separated by dissolution and
filtration. The IV of this polymer was then determined. Results are shown in
Table XV.

The in-vivo data correlated with our in-vitro tests in that there was a
loss with time of both flexural strength and flexural modulus. There is also
a corresponding decrease in the inherent viscosity of the PLA. The viscosity
values from the in vivo samples were somewhat higher than those obtained in
the in vitro evaluations. This was believed to have resulted from the degree
of exposure to the test media.

Although the flexural properties of the in-vivo plates show the same
trend with time as those of the in-vitro samples, the values are significantly
different. The values of the flexural properties for the in vivo plates are
lower by a factor of at least 10 than those of the in-vitro samples. Because
the polymer viscosities and molecular weights of both samples are approxi-
mately the same, we concluded that the lower flexural properties of the in-
vivo samples are were due to differences in the polymers.

One possible explanation for the lower flexural values was that sterili-
zation of the plates prior to testing affected the in-vivo degradation. Our
in-vitro degradation studies were conducted on nonsterilized samples, while
the plates recovered from the dogs had been sterilized by gamma irradiation
before implantation. It was previously shown that 40% of the flexural proper-
ties of Nextel 312 ceramic fiber-reinforced plates were lost after exposure to
gamma irradiation. With this loss in properties of virgin samples with
exposure to gamma irradiation, both in vitro and in vivo degradation rates of
the flexural properties of the plates could have been accelerated to give the
low values that we obtained from the animal studies.

E. Totally Biodegradable Fixation System

The results with the carbon and ceramic fiber-reinforced composites
demonstrated that PLA plates could be fabricated with flexural properties
equivalent to or greater than those of bone. Additionally, the preliminary in
vivo studies by the Army with these plates in dogs indicated acceptable
stability and performance. However, the carbon and ceramic fibers are not
biodegradable. In order to develop a totally biodegradable fixation plate
with acceptable initial properties and property retention, we investigated a
number of design and fabrication modifications.
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TABLE XV. PROPERTIES OF REINFORCED POLY(DL-LACTIDE)
BONE PLATES AFTER IN VIVO EXPOSURE

Exposure' time, weeks a" psi -fb psi iv, dL/g in CHC13

3 1075 26,000 0.59

8 300 6,060 0.42

12 50 940 0.36

aFlexural strength.

b Flexural modulus.

cSee Table VIII for explanaion.
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1. Reinforcement with biodegradable fibers

We first examined commercially available biodegradable fibers for use in
reinforcing PLA plates. PGA sutures were drawn to produce high-modulus, low-
elongation fibers. These were then laminated below the glass transition
temperature with PLA. The results of flexural property determinations
performed on these samples are shown in Table XVI.

The flexural strength of the laminates decreased, but the flexural
modulus increased slightly. The flexural modulus, however, was still
insufficient for use of the PGA-reinforced plates in fracture fixation. As a
result, we abandoned the use of PGA suture material and turned our attention
to the development of high-modulus, low-extensibility, oiodegradable
reinforcing fibers.

Our first attempt at obtaining high-modulus biodegradable fibers was the
precipitation of polycaprolactone (PCL) from a vigorously stirred solution by
addition of a nonsolvent to produce fibrils. These fibrils were highly
crystalline and oriented and were collected as a nonwoven sheet. The PLA
laminates produced from this sheet showed no enhancement of flexural proper-
ties. Apparently, the lamination operation destroyed the crystallinity and
orientation of the polycaprolactone fibrils. We attributed this effect to the
low glass-transi.on temperature and melting point of PCL.

A similar precipitation experiment with L-PLA from the same solvents did
not yield fibrils, but ratLier an agglomerated mass of polymer. PGA which is a
highly crystalline and high-melting biodegradable polymer did not produce
fibrils suitable for lamination.

Therefore, we attempted to grow high-modulus biodegradable fibers in
solution using sonic frequencies methods developed by Hughes Aircraft Company.
Researchers found that sonic agitation of polymer solutions under the proper
conditions could produce fibers. The resulting fibers, which were formed in a
3-D array, have outstanding tensile strength. Because the fibers are grown in
situ, reinforcement occurs not only in all directions, but also in voids and
crevices that would be potentially weak spots in the sample. Although we were
also able to successfully produce polypropylene fibers, we were unable to grow
biodegradable PGA f.iers.

2. Orientation of biodegradable polymer laminates

We anticipated that orientation of non-reinforced polymer plates might
serve to improve flexural properties. Orientation was achieved by a drawing
process that aligned the molecular chains of the polymer. The stretched
molecular chains formed regular patterns and exhibited increased rigidity due
to a more ordered and crystalline structure.

Drawing of the polymer plates was performed on our materials testing
Mqchine. Two infrared lamps were used for heat sources with the draw tempera-
ture being controlled by the distance of the sample from the heat lamps. The
sample of PLA was prepared by the same spin-casting process as described
previously. The sample was then cut to the proper size, and the standard
flexural tests were performed. The results are shown ii, Tables XVII and
XVIII. At an optimum draw temperature near the glass-transition point, it
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TABLE XVI. EFFECT OF PGA FIBER REINFORCEMENT ON

LAMINATE FLEXURAL PROPERTIES

PGA FIBER REINFORCEMENT

Level, % Orientation ,a X 10
3 

psi Ea X 10
3 psi

-- 7.28 0.33

50 Undrawn 2.30 0.09

15 Drawn 5.60 0.37

aSee Table II for explanations.
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TABLE XVII. ORIENTATIONl OF L-PLA LAMIINATES

Temperature, *C Draw Ratio 5 aX 103 psi "f x Xl10 psi

-- -- 2.56 0.02

110 2.0 4.29 0.34

150 2.0 1.79 0.11

aAverage flexural strength.

bAverage flexural modulus.
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TABLE XVIII. ORIENTATION OF DL-FLA LAMINATES

Temperature, °C Draw Ratio s a x 103 psi Eb X 103 psi

-- - 2.75 0.16

60 2.7 6.03 0.20

60 4.7 7.42 0.33

aAverage flexural strength.

bAverage flexural modulus.
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appeared that both flexural strength and flexural modulus increased as the
degree of stretch was increased.

A greater change in flexural properties, particularly in modulus of
elasticity, was noted for the L-PLA compared to the DL-PLA. This was a result
of lamination of the more crystalline polymer. Films of L-PLA do not adhere
to each other readily even at elevated temperature and pressure, and in both
the orientation process and the Instron testing, delamination was a problem.

3. Iniection moldine of L-PIA

Due to the difficulty in laminating L-PLA, we examined injection molding
as an alternative. We anticipated that injection molding of this polymer
might provide better reproducibility, easier fabrication, and faster manufac-
ture of polymeric bone plates. Also, a more uniform, homogeneous sample would
possibly be obtained.

We had attempted injection molding of DL-PLA initially at the start of
the project and rejected it due to problems with polymer hydrolysis. Because
the presence of small amounts of moisture at the elevated injection-molding
temperature caused severe molecular breakdown of the polyester structure, a
much higher-molecular-weight sample would be used initially, such that the
decrease in molecular weight by the injection-molding procedure would still
give a satisfactory level. Because it was easier to produce, high-molecular-
weight samples of L-PLA was chosen for injection molding samples.

In the injection molding of L-PLA, we used a sample with an inherent
viscosity of 1.5 dL/g. Strain lines were evident in the sample molded at 205
*C. However, the sample produced at 210 °C was strong although somewhat

brittle dte ro the crystalline nature of L-PLA.

We tested both samples in the standard flexural test, and the results of
these tests as well as the final inherent viscosities are shown in Table XIX.
Both the flexural strength and the flexural modulus values were increased by
approximately 100% over laminated, unreinforced samples of PLA. As expected,
the inherent viscosity of the polymer dropped as the molding temperature was
raised, but the molecular weight of the molded polymer was still adequate for
a long implant life time.

Two methods for achieving more homogeneous injection-molded spccilnens
that were free of stress lines, were higher injection-molding temperature and
annealing of the molded sample. These methods were then investigated.

Two samples, IV - 1.00 dL/g, and 0.60 dL/g, of L-PLA were injection
molded at 230, 245, and 260 *C. The molded samples were then broken in the
standard flexural tests. The results are shown in Table XX and Figures 11 and
12.

Data from these trials indicated that the fabrication and flexural
properties of injection-molded L-PLA were largely dependent upon temperature
and polymer molecular weight. The polymer flowed more easily at higher
temperatures, and hence formed a plate with fewer strain lines. At very high
temperatures, degradation of ester linkages in the polymer became a probler..
with a resultant loss in molecular weight. Mechanical properties increased
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TAWL XIX. 'DROPERTIES OF INJECTION-MOLDED
L-PLA PLATES

Temperature, *C 5,psi i, psi IV, dL/g in CH-C13

205 8,900 302,600 1.2

210 11,400 398,700 1.1
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TABLE XX. PROPERTIES OF L-PLA PLATES INJECTION MOLDED

AT HIGHER TEMPERATURES

Molding S,a -,a Initial IVb Final IV
temperature, °C x 103 psi x 103 psi dL/g dL/g

230 1.55 0.244 1.00 0.79

245 2.51 0.328 1.00 0.64

260 4.90 0.379 1.00 0.56

230 1.06 0.178 0.60 0.48

245 1.94 0.213 0.60 0.40

260 0.69 0.134 0.60 0.23

aSee Table II for explanation.

bSee Table VIII for explanation.
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Figure 11. Effect of injection-molding temperature on flexural strength of L-PLA plates.
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with molding temperature until degradation phenomena became Jominant. As the
figures show, once a low value of polymer MW (low IV) was obtained by injec-
tion molding, the flexural properties decreased. As expected, polymers with
lower initial molecular weight reached the break point earlier than those with
higher molecular weight. Consequently, the initial molecular weight of the
injection-molded polymer was critical. Figures 11 and 12 also show the
flexural properties values for the L-PLA samples with an IV of 1.00 dL/g
increase with molding temperature until typical values for these polymers were
obtained. However, the values of flexural strength even at the higher molding
temperature are less than those we noted in plates prepared from L-PLA with an
initial polymer viscosity of 1.5 dL/g.

Based upon the results of the injection-molding trials, we expected that
L-PLA with initial viscosity values in the 1.5-2.5 dL/g range would yield
samples with high flexural strength if molded at temperatures in the 260-280

"C range. However, attempts to injection-molded L-PLA (IV-2.41 dL/g) were
unsuccessful due to limitations with the molding equipment.

4. Reinforcement of PLA plates with hydroxylavatite

Hydroxylapatite is a biodegradable ceramic and is present in bone. We
suspected that the addition of hydroxylapatite as a filler material could
provide reinforcement to polymer plates prepared by the injection-molding
process.

a. Preparation of amorphous calcium phosphate (ACP)

T- obtain the ceramic material, we first prepared calcium phosphate by

a procedure in which solutions of calcium nitrate (pH-ll.5) and 0.6M
dipotassium hydrogen phosphate (pH-ll.5) were mixed, boiled and filtered to
produce a powdery cake (1). The dried cake that resulted was cracked into
pellets and sintered at 1000 °C for one hour. SEM showed an amorphous product
at 7,000X magnification.

A 50% mixture of the ACP and L-PLA (IV - 1.5 dL/g) was injection molded
by the same procedure as that described above for L-PLA. The product showed a

homogenous dispersion of the ACP within the polymer; however, the results of
standard flexural tests showed no reinforcement by the hydroxylapatite powder.
These poor results were due to the amorphous form and low aspect ratio of the
hydroxylapatite prepared by this procedure. Therefore, we attempted to grow
hydroxylapatite crystals from a mother liquor to reinforce PLA.

In an attempt to produce a hydroxylapatite ceramic product suitable for
plate reinforcement, we incorporated ACP into a number of binders and then
sintered the materials. During the sintering process, grains recrystallized
to form larger grains, with coalesence occuring at intersecting grain bound-

aries. The grain-growth process was governed by boundary-energy considera-
tions.

The bonding systems we employed was ACP mixed with either hydroxyethyl
O cellulose (HEC) and hydrochloric acid (HCL) or stearic acid. A plate of 100%

ACP was also prepared under identical pressing conditions.
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We sintered all samples by heating them slowly from ambient temperature
to 1150 "C over a period of 5.5 hours. Thermal fracture, which occurred
during the processing of all samples, prevented the fabrication of sections
sufficiently large for tensile testing.

We next investigated a number of different preparations and firing
schedules in an attempt to produce hydroxylapatite materials of a quality
acceptable for use as reinforcing materials. The ceramics prepared by these
procedures were generally of poor quality and were unacceptable -,s a fixation-
plate reinforcement material. The principal difficulties encountered during
the preparation of calcium phosphate Leramics are achievement of high strength
and single-phase compositional integrity. A variety of ceramic forms of
hydroxylapatite [Ca. 0(PO4 )6(OH)2I and A-TCP (or 9 whitlockite) [Ca 3 (PO4) 2 ] had

been reported in the literature. We believed that the poor quality of the
ceramics produced by the previous techniques was a result of the presence of
multiple phases in the final sintered product. For this reason, we turned our
attention to the production of a high-strength pure 9-whitlockite ceramic. 9-
Whitlockite is bioresorbable, while some ceramic forms of hydroxylapatite are
not.

b. Preparation of 9-whitlockite

We prepared green states which should yield 100% of 9-witlockite

ceramics by a precipitation procedure similar to the method used for
precipitation of hydroxylapatite (2).

The 9-whitlockite green cake was ground into a powder with a mortar and
pestle and packed into alumina crucibles. The samples were placed in the oven
and heated to 600 *C over a 0.5-hour period. The temperature was then raised
quickly to 1150 °C, and the samples were sintered isothermally for 1 hour,
followed by a soak at 900 'C for 4 hours.

Materials prepared in this fashion were much harder than the materials
prepared by any previous procedure. Therefore, due to the encouraging
results, we experimented with other pressure conditions for fabricating

ceramic plates of 9-whitlockite. Scurd- plates were obtained that were hard,
but could be broken by hand.

Next, we examined the use of particle size combinations.

Particle size Percentage of
rang_ m total wt

<53 23.8
53-106 21.8

106-150 11.6

150-250 27 7
250-297 9.6

>297 5.5

Samples composed of 8-whitiockite particles of less than 53 pm and
samples composed of 30% (by weight) of particles less then 53 ,.m and 70% (bv
weight) of particles greater than 297 pm were f.red in the same fashion. The

53 pm samples underwent volume reductions of 10 to 20%, and they were soft and
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sandlike. Little shrinkage was evident in the 30% 5 31Am samples, but they were
also soft and granular after firing.

Next, we investigated the effect of grinding on the sintering character-
istics of dried, filtered A-whitlockite green cake. The ground specimen was
soft and sandlike after sintering. The ungrotmd specimen, however, was quite
hard and had a smooth texture. Subsequent analysis by scanning electron
microscopy (SEM) showed the unground specimen to have a high packing density
with few void spaces.

c. Effect of various binders and coatings on the sintering
characteristics of whitlockite

Filtered, unground, dried whitlockite green cake prodtzed hard, dense
ceramics on firing. Unfortunately, such a material did not lend itself to
extrusion into the fibers desired for bone-plate reinforcement. Binding
agents have been used for many years to facilitate the extrusion and molding
of ceramic materials, and thus, we investigated a number of polymeric
materials as binding and plasticizing agents for the extrusion of whitlockite
rods and fibers. As a preliminary step to fiber-production studies, we
examined the influence of these various agents on the sintering process of
whitlockite.

We initially investigated HEC as a binding material. The HEC in water
was combined with gieen cake to produce pastes. The pastes were then injer-ed
into alumina rods. Replicate samples, without binder, were also fabricatec.
All samples were dried and sintered. Although all samples cracked after
drying, no additional cracking was observed during the sintering process, and
each of the samples sintered to a hard, crystalline form.

We subsequently examined a procedure in which we mixed the aqueous HEC
solution with re-suspended green cake material (50%, v/v). The resulting
thick white mixture was filtered until a pastelike fitrate was obtained. The
paste was then extruded into rods. These rods appeared to be smoother and to
contain fewer breaks than rods extruded frcm tiltrate containing no binder.
The samples were dried and sintered. A hard, brittle product was obtained.

Poly(vinyl alcohol) (PVA) and poly(ethylene oxide) (PEO) were also inves-
tigated as binders. Filtered, unground green cake and either was mixed with a
small quantity of 10% PVA in water to obtain smooth pastes. Small rodiets of
this material were extruding with PEO. Rodlets consisting of filtered,
unground green cake containing no binder were used as controls. The rodlets
were dried and sintered. Each of the sampies sintered to a brittle form.

We also examined lanolin, glycerol, silicone oil, and PCL as potential
binding agents. Rods fabricated using lanolin, glycerol, and silicone oil as
binding agents did not hold together during drying, so these samples were not

sintered. Tough elastic Lods were prepared by mixing dried green cake with

molten PCL and extruding. The rods were dried, sintered, heat soaked and
cooled. The rods did not sinter well, and they were broken and very fragile.

The use of binders did not, in any case, produce products of acceptaIle
quality after sintering. Because migration of binding agents may have been
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responsible for crack introduction and propagation as well, we examined a
number of materials as coatings for extruded whitlockite materials.

d. Dry sDinning trials on A-whitlockite

Although we were unsuccessful in producing samples with good sintering
characteristics using the syringe or melt-index method, we felt that more
acceptable materials might be produced using a ram extruder capable of
generating high, more uniform extrusion pressures. Thus, we conducted dry-
spinning trials on whitlockite with and without binder.

For paste containing no binder, the paste was charged to the extruder at
room temperature, and extrusion was attempted. We were unable to extrude
filaments continuously because the paste became too viscous to flow. Short
monofilaments were too weak to support their own weight. The dried filaments
were brittle and too fractured to be sintered.

We also attempted to extrude 1-whitlockite paste containing PE0. The
trial was repeated with another sample of the same paste. No filament flow
was obtained in either procedure. Dry-spinning of both pastes and pastes
cuntaining binder were unsuccessful in producing an acceptable fiber from
whitlockite.

e. Evaluation of CaAl

Because dry-spinning of A-whitlockite had proven unsuccessful, we began
to examine CaAl as an alternative to whitlockite. CaAl is both bioabsorbable
and biocompatible. We examined the dry-spinning and sintering characteristics
of pastes made from CaAI and PEO as well as the sintering characteristics of
pressed CaAl powders containing no binder.

Initially, we investigated the sintering characteristics of packed, dry
CaAl powder. After a pressed sample was allowed to cool, the resulting
material was soft and flaky. A duplicate sample heated through a different
1650 °F, as opposed to 300 °F ustd previously, was harder.

Next, we examined the sintering characteristics of CaAl containiog PEO as
a binder material. The resulting material was light and hard, exhibiting
little chippin-. Samples containing higher concentrations of binder and
subjected to the same firing conditions were more fragile than samples
containing less binder.

We also examined the possibility of extruding CaAl paste into fiber form
by a dry-spinning pcocess. We were able to extrude continuous rods at room
temperature by this process. The rods fired. Some of the rods were removed
from the oven and quickly cnoled to room temperature. Another batch of
extruded rods was allowed to cool slowly to room temperature inside the oven.
Rods subjected to bcth cooling cycles were smooth and exhibited crack-free
surf-ces. Both sets of rods, however, were granular in cross section and
could be reduced to a powder using hand pressure.
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f. Preparation of fine-zrained whitlockite particles by
microencapsulation

Because dry-spinning of both L-whitlockite and CaA1 had proven unsuccess-
ful, we turned our attention to the production of fine-grained whitlockite in
an attempt to obtain better extrusion characteristics and greater densifica-
tion on firing.

Abrasive grinding of cercaic materials, such as that encoutLtered in ball
milling, is plagued by excessive time requirements and low yield of small-
particle-size fractions. Southern Research Institute has been successful in
preparing small-diameter polymeric spheres by microencapsulation techniques in
a number of our other research projects, and we investigated microencapsula-
tion as a means of producing hydroxyapatite particles of a size sufficient for
producing fine fibers. We attempted to prepare microspheres of hydroxyapatite
using calcium nitrate and ammonium phosphate. Hydroxyapatite was precipitated
into silicone oil and the resulting microspheres were coated with
ethylcellulose.

The photomicrograph presented in Figure 13 shows the lack of integrity of
uncoated particles after drying. The photomicrograph presented in Figure 14
shows that we were able to obtain microspheres of hydroxyapatite coated with
ethyl cellulose in the 40- to 50-pm range by this procedure. From the figure
it is easily seen that intact microspheres were obtained, even after drying,
with the aid of ED. We extruded the coated particles into a 0.05-in.-diameter
rod with a melt indexer operating at 180 *C. The rod was placed in an oven
heated to 2150 °F and maintained at this temperature for 4 h. The oven was
then turned off and allowed to cool slowly to room temperature. The rod did
not sinter and was higi.ly fragmented. Although microencapsulation was shown
to produce small particles, the necessity of coating the particles to prevent
agglomeration during drying would seem to preclude fiber formation with
particles prepared by this procedure because the polymers used for coating do
not have sufficient thermal stability to bind the spheres together until
sintering has been initiated.

g. Preparation of ceramic fibers by wet spinning

As an alternative to dry spinning, we examined the possibility of using
wet spinning to produce fibers from both 9-whitlockite and CaAl. Fiber pro-
duction by wet spinning (Figure 15) involved extruding a mixture of ceramic
powdei, binder, and solvent into a trough or bath containing a nonsolvent for
the binder. During extrusion into the nonsolvent bath, the mixture coagulates
to form a fiber or filament. The fibers or filaments are subsequently drawn
from the coagulating bath by using a series of water-flushed, heated godets to
rinse and evaporate the remaining solvent. After passing through the rinsing
and drying zystcm, the fibers are takn up on a winding reel. The collected

fibers are then soaked in distilled water to assure complete solvent removal
and are thereafter dried in an air-circulating oven to produce the final dried
fiber. For the production of fibers from both 9-TCP and CaAl, it is necessary
to sinter the dried fibers in an inert atmosphere maintained above 1150 °C to
achieve coalescence and densification of the ceramic particles.

The collected, unfired, hydroxyapatite fibers were white and more elastic
than the calcium aluminate fibers because of a higher binder content. The
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Figure 14. Hydroxyapatite particles coated with ethyl celluloye.
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collected, unfired, calcium aluminate fibers were gray initially, but turned
dull-white during final drying. The calcium aluminate fibers were more
brittle than the hydroxyapatite fibers because of a higher solids loading.

The fired hydroxyapatite fibers were shiny, black, and fragmented. This
condition was a result of high binder content and large particle size. The
fired calcium aluminate fibers were intact and white. Both types of fibers
were brittle, but the CaAl fibers were more satisfactory than were the
hydroxyapatite fibers.

As a consequence of the elevated temperature required for proper
sintering of both of these materials, polymeric binders with superior thermal
stability are required for use in the wet-spinning process. Although no
polymeric resin yet produced is capable of withstanding these temperatures, we
chose for examination three highly thermally stable resins which we felt might
effectively bind the ceramic powders in Liber form until preliminary sintering
(lower temperature) was achieved. We investigated Barex 210, a terpolymer
mostly composed of acrylonitrile; PAN-Type A (PAN-A); and Ethocel #1 Standard,
an ethycellulose material, as potential binders.

PAN converts from a linear polymer to a ladder network upon heating in an
oxidcative environment. We felt that partial conversion of the linear resin to
a ladder formation would increase the thermal stability of the resin and allow
us to obtain a fiber with improved sintering characteristics. Ceramic fibers
were prepared using all three of the highly thermally stable resins chosen for
examination.

We prepared fibers containing 60 wt % TCP and 40 wt % Barex 210 resin by
wet spinning. Fibers containing 80 wt % TCP were prepared similarly.
Untreated samples of the same fibers were used as controls. The pretreated
fibers appeared after firing. Although there were no obvious differences in
fragility of samples pretreated for v-arious times, the pretreated samples were
in each case less fragile and more easily handled than the control fibers.
Samples with the higher ceramic content were somewhat stronger than samples
containing a lower ceramic loading.

We repeated the experiment using 250 °C as the oxidative pretreatment
temperature. Samples subjected to treatment at this temperature and then
sintered under the previously described conditions were weaker than samples
that had been treated at 200 *C. Similar results were found when PAN-A was
substituted for Barex 210 as a binding material. There was, however, no
obvious improvement in sintering characteristics as a result of using the
acrylonitrile homopolymer.

Samples of fibers with 80:20 ethanol/toluene solvent and surfactant-
deionized water coagulation bath were formed by using syringes and needles.
In this coagulation bath, the fibers floated to the top, resulting in fibers
flat in cross section rather than round. The fibers were dried, sintered at
1200 °C for I h under a nitrogen purge, and tested for breaking strength.
Figure 16, an SEM photograph of one of these fibers taken at the fracture
surface, shows the flattened cross section. The breaking strength of these
fibers prepared with the ethylcellulose binder was less than 300 psi. Because
4

.-. o f .... e inferior to those with PAN-A as a binder, we abandoned any

further work with ethycellulose as a binding material.
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As a further portion of our work on 8-TCP. we examined the influence of
fiber diameter o. Lhe tensile btrength of filaments produced from this
material. Spinning dope was prepared using dimethylsulfoxide (DMSO) as the

solvent, PAN-A as the binder, and wet sieved TCP powder. After pretreatment
the fibers were sintered and became light yellow. After sintering, some of
the fibers shrank to less than 40% of their original diameter.

The fibers were then tested for breaking strength. The fibers were
prepared for testing by mounting on cardboard tabs. The finest fibers were
attached to the tabs with paraffin, and the larger fibers were attached with

sealing wax. After being tested, the samples were removed from the breaking

machine, and the diameter at the fracture point was determined with a

micrometer. The fracture surfaces were then examined by SEM. The test

results are presented in Table XXI. There is a dramatic effect of fiber
diameter on tensile strength. As fiber diameter decreases, the strength
increases. Such behavior is commonly found in the preparation of ceramic

fibers. Results shown in Table XXI reflect the average of test results for

five specimens of each fiber diameter. One sample of the smallest-diameter
fiber had a tensile strength of 2500 psi. SEM photos showed voids and irregu-
larities at the fracture surface of all specimens. In general, larger voids
were associated with lower breaking strength.

In an attempt to make a denser TCP fiber with fewer voids and thus
increase its strength, we investigated the possibility of preparing a coaxial
fiber comprised of a pure TCP core enclosed by a PAN-A sheath. These sintered

fibers were discontinuous and misshapen. Apparently, the sintering caused
stress to the PAN-A sheath, which broke the fibers. Figure 17 shows an end
view of one of the sintered coaxial fibers. The fibers appeared denser than

fibers prepared with previous techniques, but there were many fissures in the
fibers. None of these fibers had enough integrity to allow evaluation of

tensile strength.

Because we found that the breaking strength of the TCP fibers was

inversely proportional to the fiber diameter, we investigated making finer

fibers to see if we could further increase the breaking strength.

For the first pilot-plant run, a dope consisting only of the PAN-A binder

and DMSO solvent was used so that the best conditions for making fibers with
this polymer could be determined. After this run, the ceramic-loaded dope was

used. The dope consisted of 10% TCP, 2.5% PAN-A, and 87.5% DMSO. Fibers
produced from this trial were sintered to give fibers 0.05 mm in diameter, but

the average breaking strength of the fiber was less than 100 psi.

Fibers of CaAl were prepared following the procedures used for 9-TCP
fiber production and using the same solvent and binder. After sintering, the
fibers were so fragile that they could not be removed from the oven without

breaking.

Because we were unable to produce ceramic fibers of sufficient integrity
and strength, we then chose to evaluate other alternatives toward the fabrica-
tion of bone plates.
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TABLE XXI. BREAKING STRENGTH OF TRICALCIUM
PHOSPHATE FIBERS

Average diameter, mm Breaking strength, psi

0.559 169

0.508 353

0.356 69

0.124 419

0.122 477

0.074 1607
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Figure 17, Scanning electron micrograph of the end view of a sin tered coaxial tricalcium
phosphate fibe,- with polyacrylonitrile sheath.



5. Cross-linking of biodegradable polymers

The lack of success in preparing ceramic fibers with high tensile
strength and modulus prompted us to examine cross-linkable biodegradable
resins as an alternative means of achieving initially strong and rigid fixa-
tion plates.

a. DL-P

As an alternative to composite fabrication, we examined crosslinking of
PLA as a method of enhancing stiffness and rigidity. In general, polymeric
materials with moderately high flexural strengths and moduli may be obtained
by chemical crosslinking of polymer chains. Crosslinking reduces polymer
mobility by covalently bonding subunits of different polymer chains.
Decreasing chain mobility reduces the extent to which a material may relieve
imposed stresses by deformation and in many cases alters the failure mechanism
from plastic yield and deformation to brittle fracture at high load levels.
In addition to the desired increase in load at failure, it is also necessary
with crosslinked polylactide used as bone plates that the crosslink bonds be
subject to biodegradauion to harmless end products. With this in mind, we
investigated several methods of crosslinking PLA.

The results of all of our experiments with PIA indicated that the intro-
duction of crosslinking moiet4-q into t1 '- --lymer '-hain would be dlficu!t,
and we diverted our efforts to biodegradable polymers prepared by a different
polymerization mechanism.

b. Copolyoxalates

The lack of success in crosslinking DL-PLA prompted us to examine other
biodegradable resins as possible boneplate materials. Isomorphic copoly-
oxalates had been patented (U.S. Patent 4,141,087) as synthetic absorbable
suture materials. The polymerization of the copolyoxalates proceeds by a
transesterification reaction and was hoped to be used for the incurporation of
a trifunctional, crosslinking molecule than does the ring-opening polymeriza-
tion of polylactide. Highly crystalline isomorphic polyoxalate polymers may
be prepared as shown below by reacting mixtures of cyclic and linear diols
with dialkyl oxalate, preferably in the presence of an inorganic or organo-
metallic catalyst.

0 0 0 0lII iI iI I|

C 3CH-v- -- C-C - OC C12C O-R-CH . H---O-- 0-- C- OR t C HT 420H

Diethyl Oxalate
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Whert. R - -(C(i- [.6-hexanediol]

or -CC 42- C I o h e xy an e aned imeth noloIl

For our initial studies with these materials, we prepared 95/5
poly(trans-l,4-cyclohexylenedicarbinyl-co-hexamethylene oxalate). Although
the final product was insoluble in chloroform, it was suspected that the
insolubility was a result of crystallinity and high molecular weight and was
not a result of crosslinked polymer. Therefore, further attempts to crosslink
this biodegradable polymer were abandoned

6. Examination of biodegradable glasses for fiber production

Due to the relative lack of success in producing TCP, L-TCP, and
phosphate-free CaAl fibers with mechanical properties adequate for fixation-
plate reinforcement, we investigated absorbable glasses as an alternative to
ceramic materials for biodegradable-fiber production. These glasses exhibit
good interfacial bonding with natural bone as a result of the exchange, at the
interface, of the cations between the bone and the glass.

a. Bioglass fibers

As a prelimirary step in this program, we investigated the fiber-forming
properties of Bioglass, a partially biodegradable glass composed of -45%
silicon dioxide. Fibers prepared by drawing molten Bioglass (=900 °C) varied
considerably in both fiber diameter from sample to sample and in unifcrmity of
diameter throughout the length of a given sample, as evidenced by the large
variation in breaking strength (9,000 psi to 50,000 psi). Figure 18 shows a
longitudinal view of a typical Bioglass fiber. Breaking strengths were deter-
mined by the method used for the ceramic fibers.

b. CMP

The formation of Bioglass fibers with high tensile strengths was most
encouraging. Therefore, our next attempts were directed toward obtaining high
tensile strength, uniform fibers from alternative, easily procassed,
totally biodegradable glass. For this reason, we evaluated CMP as a potential
fiber-forming compound.

1. CMP salt precursor

It was origirally believed that fibers could not be produced from commer-
cially obtained CMP due to impurities in the CMP. Therefore, high-purity CMP
was prepared by the method described in U.S. Patent No. 4,049,779, "Crystal-
line salt monomers for stable phosphate glasses." In this method, phosphoric
acid solution was reacted with CaCO 3 to produce calcium metaphosphate.
impurities were removed by precipitation with ammonium 1-pyrrolidine dithio-
carbamate solution and filtration. CMP-salt prepared in this manner had a
trace metal impurity content of IOC to 200 ppm, and melted at 1000 *C.
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Figure 18. Scanning electron micrograph of a bioglass fiber.
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2. Drawing of fibers

To prepare fibers from the CMP, the salt must first be polymerized. This
is accomplished by placing the salt in an alumina-oxide tray and heating it in
a furnace at 600 "C for 24 h and then at 800 "C for 48 h. The resulting soft-
greyish ash was transferred to an alumina-oxide crucible and heated to its
melting temperature. The crucible was then removed from the furnace and
heated with a torcb to prevent the glass from cooling too rapidly. Once the
glass had cooled to the %,i vd viscosity, CM? fiber was d ni frol the
surface of the melt. To facilitate in the production of continuous lengths of
CMP fiber, a take-up winder was constructed.

3. Determination of CMP-fiber properties

In vitro studies were performed to determine the degradation rate of the
CMP fibers. Thirty-two fiber samples, 2 to 3 cm in length, were placed in
0.9% USP saline. Degradation was assessed by visual inspection of the fibers.
There was a definite visible difference in the appearance of the fibers after
10 days, and after 20 days all of the fiber samples had completely dissolved.

rests were also performed to determine the tensile strengths of the hand-
drawn CMP fibers. The crosshead speed was set at 1 in. per minute. Tensile
strengths of the fibers generally varied between 12,000 and 51,000 psi, with
one CMP fiber specimen exceeding 110,000 psi. The variation in tensile
strengths was primarily due to variations in sample diameters, with the
smaller samples having higher tensile strengths.

4. CMP-reinforced. biodegradable composites

Due to the encouraging results of the biodegradable fibers obtained from
the CMP, we then attempted to incorporated the fibers into biodegradable
composites with DL-PLA as the composite matrix.

a. Composite Preparation

Initially, we attempted to fabricate our biodegradable composites by
solution-coating unidirectionally oriented CMP fibers with DL-PLA. After
coating and drying both surfaces of the resulting film, the polymer/fiber film
was pressed and redried to remove residual solvent. The CMP-fiber-reinforced
films wer then laminated with nonreinforced DL-PLA films, resulting in a
composite plate with uniformly oriented fibers.

As an alternative to heat lamination, DL-PLA/CMP composites were also
fabricated using solvent lamination. In this process, spun cast films were
dried, ane cut into 3- x 0.5-in. lengths. CMP fibers were placed on the DL-
PLA film and brushed with dichlorometha.te. This process was repeated for a
total of six laminating layers, resulting in a composite comprised of seven
film layers and six CMP fiber layers. The final pressed composite proved to
be the more suitable appliance.

b. Composite evaluation

Solvent-laminated composite qamDles fabricated as described above were
subjected to mechanical tests to determine the flexural moduli and maximum
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midspan stress by the method used for the determination of the flexural
properties of the nonreinforced polymer plates. Tests were conducted in
accordance with the three-point bending test outlined by the ASTM D790
Standard Tesc Method for Flexural Properties of Plastics and Electrical
Insulating Materials. For this test method, the composite beam is supported
by two points, 2 in. apart. The active load is applied at the midspan.
The maximum stress calculated in the outer fibers at the midspan was 6.6 x 103

ps!. The flexural modulus of elasticity was deteral,&,: Zo be 1 x 106 psi,
approximately half that of bone.

5. Improvement in CMP fiber gualitv

After experiencing difficulty drawing smooth, continuous fiber with
subsequent batches of CMP, we began examining methods for improving the
quality of the CMP.

a. Higher-purity CM? salt precursor

Fresh salt precursor, prepared due tu suspicions that the CMP glass had
begun to degrade or had become contaminated, failed to produce fiber from the
melt. To ensure that i-he CMP glass we were preparing in our laboratory wa- of
sufficient purity for fiber formation, we prepared additional salt precursor
following the second method outlined in the U.S. Pate:t No. 4,049,779. The
precursor was prepared as described earlier except that the CaCO3 was added
after filtering, whereupon the remaining purif:.ation steps were repeated for
a second time. This alternate method reporte iy reduces the impurities of the
glass from 100-200 to 10-20 ppm. No differ,. Lces were noted in the fiber-
drawing capabilities of the higher-purity CMP prepared using this method and
the CMP prepared by our standard method. Samples of each batch of salt
precursor were given for SEM evaluation. Results showed that the compositio,
of each sample was identical within the ranges of this technique.

b. High-alumina-content crucibles

Another possible factor inhibiting fiber formation was suspected to be
the melting temperature of the crucibles. Because of the high temperatures

involved, and because of the length of exposure time and the severe environ-
ment, crucible degradation was a possibility Bubbling of the crucible

surface, and a hard film noted on the surface of the melt, led us to believe
that the crucibles were degrading and contaminating the CYP glass, and, thus,

inhibiting fiber formation. Therefore, high-alumina-content (99.6%) crucibles
wih a melting temperature rated in excess of 1500 °C were obtained. These

high-alumina-content crucibles withstood the te.peratures involved in the

glass fiber production.

c. Temperature parameters

A third problem concerning CMP fiber formation was related to the poly-

merization temperature of the glass. For fibers to re readily drawn from a

CMP melt, the glass must be sufficiently polymerized. This was achieved by

baking the crystals a- 600 'C for 24 h and then 1050 °C for 17 to 24 h.

Fibers were readily drawn from the melt polymerize, ti this fashiiol. 'hen the
melt became too viscous to produce fibers, it w.'s reheated in the box furnace
at 1050 C. After equilibrating for 2 h, fibers could be drawn from the
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reheated melt. This procedure was repeated until the CMP was depleted from
the crucible.

d. Variable rawinz speed

In order to produce uniform, small diameter, high tensile fibers, the
take-up rate of the fiber drawn from the melt was modified. With the process
described previously for producing CMP fibers, when the melt cooled, the melt
viscosity was increased, and the fiber diameter increased correspondingly when
taken up at a constant rate. This phenomenon was accelerated locally on the
melt surface as a vertex is formed at the point when the draw was exposed
directly to the air interface. By varying the take-up rate, through visual
inspection of this v!tex, we controlled fiber diameter, and ultimately the
tensile strength of the fibers.

e. Degradation of CMP fibers

CMP fiber was incubated in phosphate-buffered saline at 37 °C to deter-
mine the in vitro degradation rate. The pH of the saline solutions was
adjusted to 6.0, 6.7, and 7.4 to determine the effect of pH on the degradation
rate. Samples of fibers were removed from the bath after incubation times of
one, two, three, and four weeks.

The average loss in physical dimensions for each pH range is shown in
Figure 19. The pH of the saline solution apparently affected the degradation
rate of the fibers, showing an in..rease in degradation rate with increasing
pH. After four weeks of incubation, the CMP fibers exposed to the saline with
a pH of 7.4 lost an average of 90% of their original mass (Figure 19B).
Control CMP fibers exposed in air to the same temperature conditions as the
test fibers showed no changes iLl dimension as seen in the SEM presented in
Figure 20.

f. Tensile strength of CMP fibers

After the changes in physical dimensions of the CMP fibers had been
determined, the changes in physical properties were evaluated. The tensile

strength and modulus of CMP fibers were determined using an Instron Model TMS.
The span length was approximatcly 5 zm, and the crosshead speed was 5 cm/min.

The tensile strength of CMP fibers varied greatly with fiber diameter,
with the fibers of smaller diameter having greater tensile strengths. This
same trend held true even after incubar- "n saline. Because of the
nonlinear relation between CMP fibe' cer (or cross-sectional area) and
curresponding tensile strength, a simple averaging of data would be misleading
when presenting these results. We chose, therefore, to match each set of
tensile test data with a best-fit-curve. The corresponding tensile strength
for the average fiber diameter under a given condition was then read directly
from these curves. The fiber diameter losses shown in Figure 19A were sub-
tracted from the initial overall CMP fiber diame-er of 140 pm and selected as
the point on the best fit curves from which the tensile screngths were read.
The relatively high initial fiber diameter of 140 pm was chosen so that the
time duration of the study could be extended to weeks instead of days and so
that all test fibers were initially of similar size.
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FIgure 20. Scanning electron micrograph; of a control CMP glass fiber exposed to air for three
weeks. Top--side view; bottom--end view.



We have previously found that CMP fibers with diameters well below 100 Am
have tensile strengths exceeding 7 x 103 kg/cm2 (100 x 103 psi), while fibers
with diameters in the 200 Mm range fail below 1.4 x 103 kg/cm2 (20 x 103 psi).

Control CMP fibers with a diameter of 186 um had a tensile strength of about
1.1 x 1103 kg/cm2 (16 x 103 psi). Incubation in saline resulted in a gradual
decline in the force necessary to break the CMP fibers, as illustrated in
Figure 21A. This trend, however, did not hold true when the tensile stress
required to cau.z failure was calculated. As the incubation time increased,
and thus the CMP fiber diameter decreased, the tensile strength of the fibers
continually increased, as shown in Figure 21B. After three weeks in saline,
fiber tensile strength increased to over three times tl..t of control fibers.

This phenomenon is probably a result of the erosion of micro flaws on or
near the fiber surface caused by differential cooling during the fiber forming
process. Figure 19A indicates that CMP fiber degradation is primarily caused
bv surface erosion, as the curves show a linear relationship with time. The
erosion process is also evidenced by the scanning electron micrographs of
Figures 20 and 22 comparing the roughened surface of a CMP fiber after three
weeks in saline to a smooth surface of a fiber exposed only to air. As the
erosion process occurs, an increasing number of these micro flaws are elimi-
nated, leaving the higher quality core of the fiber with relatively fewer
flaws.

6. Preparation of biodegradable laminated composites

In addition to optimizing our CMP fiber-drawing capabilities, we also
examined ways to improve our composite fabrication techniques. We had
previously found that a combined solvent/heat-lamination technique provided us
with the best composites. This method of composite fabrication involved
alternating layers of DL-PLA polymer and CMP glass fibers.

a. Film preparation

The DL-PLA films were prepared by injecting a 5% solution of DL-PLA in
dichluromethane into rotating, 4-in. spin cups. The solvent was allowed to
evaporate between injections. The dried films were then removed from the spin
cups and cut into 0.5 x 3-in. sections.

b. Composite fabrication

Composite fabrication was initiated by placing a 0.5 x 3-in. polymer film
into the mold. This mold consisted of three plates of tooled steel. The mold
plate has a 0.5 x 3-in. rectangular cavity which was bolted to a solid base
plate. The top plate was tooled so that it could fit snugly into the rold
plate, leaving a 0.125-in. clearance. After the first polymer film was placed
into position, a preweighed amount of 3-in.-long CMP fibers was placed longi-
tudinally on the film. A small amount of a dilute DL-PLA/dichloromethane
solution was then brushed onto the fibers to aid in bonding the fibers to the
polymer films. Another polymer film was then placed on top of the fibers, and
the procedure was repeated for a total of eight film layers and seven glass-
fiber layers. The top plate was then put into place, and the entire mold was
then pliced into a heated vacuum chamber for several hours to remove the
solvent.
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Upon removal from the vacuum chamber, the mold was placed in a heated
hydraulic press. After the mold reached thermal equilibrium, it was slowly
pressed until the top plate became flush with the mold plate. Excess polymer
was removed from the composite through the escape ports. The composite sample
was then removed from the cooled mold cavity.

Twenty-five CMP-reinforced plates fabricated using these procedures were
supplied to USAIDR for evaluation in canines under the direction of LTC Eric
S. Koppelman.

e. Composite evaluation

CMP-reinforced composites using DL-PLA as the matrix material were
mechanically tested to determine their flexural strength and modulus. Tests
were conducted according to the procedures outlined in the ASTM D-790.
The flexural modulus of these DL-PLA composites averaged 2.3 x 106 psi (15 x
l09 Pa) while the average flexural strength was calculated to be 29 x 103 psi

(200 x 106 Pa). These values are well within our targeted values of I to 3 x
106 psi (6.9 to 2.1 x 109 Pa) for the flexural modulus and 10 to 20 x 13 psi

(69 to 140 x 106 Pa) for the flexural strength.

7. Scale-Up of CMP Fiber-Drawing Procedures

The CMP fibers prepared thus far had been hand drawn from the top surface
of a CMP melt. The salt precursor necessary for the melt was also prepared in
our laboratory. Before the salt precursor could be converted into a homoge-
neous and polymerized melt, it had to be heat-treated as described previously.
All of these procedures were time consuming, and although we had a great deal
of success drawing high-quality CMP fibers, extremely labor-intensive efforts
were required before quantities of fibers required for testing and evaluation
were produced. Therefore, we established a method for producing CMP fibers on
a more time- and cost efficient basis.

Our first efforts were to provide a more time- and cost-effective method,
were to obtain monobasic CMP from a commercial source and discontinue the time
consuming laboratory production of CMP glass precursor. When exposed to the
same prebaking procedures as the glass precursor prepared in our laboratory,
the commercial CMP formed a homogeneous melt from which fibers were easily
drawn. The polymerization time using this precursor, 7 h at 600 °C and 17 h
at 1050 °C, was much shorter than that used with the laboratory batches of
CMP.

Our second modification was to develop a technique of producing uniform
fibers more efficiently. This technique involved drawing fiber from the
bottom of the melt, as industry does when preparing glass fibers for insula-
tion, reinforcing, and optics. To accomplish this, a two-zone, split-tube
furnace was designed. The core of the tube furnace allowed for the placement
of two crucibles aligned along a vertical axis. Each crucible was positioned
in one of the two independently controlled heating zones. The upper crucible
melted the polymerized CMP, which then dripped through a small orifice in the
bottom of this crucible to the lower (drawing) crucible. The drawing crucible
also contained a small orifice in its bottom from which CMP 'ibers were drawn
and then collected on a motorized, take-up winder located beneath the furnace.
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Although this apparatus was a marked improvement over the past drawing-
apparatus, proolems relating to stability, contamination, and temperazure
control were still encountered. These problems were then eliminated by the
installation of a specially designed fiber-drawing apparatus (Figures 23-26).

The primary problem associated with the fiber-drawing system was the
collection of semimolten CMP on the bottom of the drawing crucible originating
from the crucible orifice. This was largely elirminated by modifying the
crucible (Figure 23). The redesigned crucible contained a small nipple in the
center of the crucible's floor through which an orifice was drilled. Molten
CMP continuously flowed through the orifice because the nipple prevented
migration of the molten glass.

To prevent contamination of the CMP from extraneous sources, the holding
crucible was fitted with a crucible lid as shown in Figure 24. A handle was
provided such that it could easily be removed with tongs when CMP beads were
added.

A chimney effect was created as air was drawn up through the furnace due
to furnace design. To alleviate this condition, a special top plate was
designed as shown in Figure 25 to eliminate the flow of air through the
furnace. The plate was designed so that the crucible support cage (Figure 26)
would still be accessible for positioning the crucibles within the center of
each heating zone of the furnace. The cage was constructed from high-purity
alumina to prevent possible contamination from lengthy exposure to high
temperatures.

The crucible support cage was controlled by a motorized drive shaft.
This system allowed the operator to position each crucible to the desired
height iii the furnace without contacting any of the heated surfaces. This
system also facilitated superior temperature control because the crucibles
could be repositioned in fine increments within the furnace.

To prepare glass fiber, beads of CMP were first prepared jr pouring the
molten glass onto Inconel 601 alloy plates and allowing the glass to cool to
room temperature. The beads were then placed in the holding crucible and
lowered to the upper heating zones of the split-tube furnace. (approximately
1080 °C). Once the CMP was molten (approximately 20 min), it began to drip
into the lower extrusion crucible (1000 °C). The extruding crucible was then
lowered, and the fiber exiting the drawing orifice was collected on the take-
up winder.

Samples of these fibers were tested to determine their mechanical
strength. The fibers were glued to cardboard tabs prior to testing to aid in
handling and gripping. The average diameter of fibers produced from the 2-mm-
orifice crucible was about 30 pm, which gave a tensile strength of 58,000 psi.
Previously drawn CMP fibers had an average tensile strength of 18,000 psi and
an average diameter of about 140 pm.

As expected, these smaller-diameter CMP fibers had a much higher tensile
strength than those larger fibers prepared using our old drawing system. This
diameter-to-strength relation is depictei in Figure 27 where we bave plotted
the tenzile strength of CMP fibers as a function of their diameter. Although
we realize there is considerabl. scatter of the data, we believe the true
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tensile strength is greater than that bounded by the dashed line. This line
represents the upper limit of the collected data. Because we are unable to
perform true tensile tests on brittle glass fibers--i.e., no misalignment,
bending, or crushing--all generated data are less than the true or actual
tensile strength. The dashed line in Figure 27 shows a strong correlation
between CMP-fiber diameter and tensile strength. This is typical of glass
fibers, primarily due to relatively fewer imperfections on the surface of the
smaller fibers. Composite plates were then fabricated from these smaller
fibers to determine their effects upon composite properties.

Because of the success of the 2-zone fiber drawing system, several
improvements to glass fiber production were implemented. These included 1)
the increase in the diameter of the fiber take-up reel from 2.5 to 6.5 in. to
produce smaller diameter, higher-strength fiber, and 2) the use of a platinum
instead of an alumina crucible from which the fiber is drawn. The larger
take-up reel permits drawing at roughly 2.5 times previous rates. The plati-
num crucible appears to permit superior heat conduction from the furnace to
the melt, thus allowing continuous drawing of glass fiber for longer than two
hours. The limiting factor for the duration of figer-drawing was the lack of
continuous feeding of polymerized glass beads into the upper melting crucible.

8. Optimization of Comnosite Fahrication

To determine if incorporation of these higher quality fibers increased
the overall composite strength and modulus, we then prepared DL-PLA/CMP
composite plates. Previously plates were prepared using a lamination tech-
nique whereby CMP fibers were solution coated with DL-PLA. This technique
greatly aided in the surrounding of the fibers by the polymer matrix. Because
of the relatively large distances the solvent had to diffuse, it could not be
completely removed from the polymer matrix using our drying techniques. This
remaining solvent acted as a plasticizer and compromised the plates' ability
to resist forces, particularly torsional forces. We were also concerned about
the effects of residual solvent on the biocompatibility and toxicity of plates
used as implants. For these reasons, we modified our composite fabrication
technique to exclude the use of solvent. Instead of spin casting the films of
the biodegradable polymer, the films were heat-pressed to their dried thick-
ness and then were cut into 3 x 0.5-in. rectangles for use in composite fabri-
cation.

Because solvent was eliminated from our fabrication process, we decreased
the quantity of fiber per lamination layer to aid in the impregnation of the
fibers by the polymer. Therefore, these composites were comprised of 14
layers of CMP instead of the seven used in previous plates. The volume of
fiber per plate remained at 65% of the total plate volume. To ensure that all
of the fibers were completely surrounded by polymer, the polymer films were
essentially of the same thickness.

Composites were fabricated by alternating layers of DL-PLA films and CMP
fiber in the heated base of a three-piece compression mold. A new mold was
tooled to compensate for the increased thickness of the unpressed composite,
which resulted from the additional volume of polymer. The mold was then
slowly closed between the heated platens of a hydraulic press. To allow the
excess polymer to exit the mold during the closing procedure, escape ports
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were incorporated into the design of the molds. The resulting composite plate
was removed from the cooled mold.

In our evaluations, we used both a higb and a medium molecular weight DL-
PLA (IVs - 2.44 and 0.96 dL/g). The processing conditions were varied to
provide the strongest possible composites while maintaining the integrity of
the polymer. The results of these evaluations are illustrated in Figures 28
and 29. From these graphs, it can be seen that the strongest and toughest
plates are those processed for 21 to 40 min at 175 "C for the 0.96 dL/g DL-
PLA. Evaluation of th- 2.4 dL/g DL-PLA showed that the optimum processing
conditions were inconclusive, but it appears that higher temperatures are
required for these plates. These results are illustrated in Figures 30 and
31.

Improper processing conditions result in void spaces around the fibers,
as illustrated by the scanning electron micrograph of the cross section of a
composite plate prepared at 110 °C (Figure 32). The rough outer surface of
the composite and the variations in fiber diameter can also be seen. Figure
32 shows a similar view of a composite pressed at 150 *C. The polymer appears
to more completely surround each reinforcing fiber with fewer void regions.
Again the wide distribution in fiber diameter can be seen.

Plates fabricated using this technique had a flexural modulus and
strength of up to 2.2 x 106 psi and 30 x 103 psi. These values compare
favorably to DL-PLA/CMP composite plates fabricated using the solvent/heat-
laminating technique and supplied to the USAIDR for implantation into canines.

9. Composite evaluation in vitro

To assess ways to reduce the rapid strength loss of the resorbable com-
posite, we chose to incubate the composite plates at 37 °C in physiologic
saline to mimic the environment in vivo. After incubation in the saline for
various periods, the plates were removed from the bath and tested in three-
point bending. Because of the large amount of time and materials required to
fabricate each composite, we decided to cut each of our standard 0.5 x 3 x
0.125-in plates into four equal pieces before incubaLing. The resui'LLLg
composites thus had dimensions of approximately 0.234 x 1.5 x 0.125 in.
Because of the relatively short length of these composites, it was necessary
to decrease the support span of our three-point-bending apparatus from 2 to
1.25-in.

After these plates were cut and then placed in saline, they lost the
majority of their mechanical strength after only one day. It was believed
that the rapid decrease in strength was due to fluids wicking along the
fiber/matrix interface. It was also believed that fluid was wicking along the
spaces between CMP fibers that were not completely surrounded by the DL-PLA
matrix. Because the CMP fiber ends were exposed after the samples were cut,
these ends were in direct cont~ct with tha saline. Typically, the fiber ends
are somewhat protected and isolated, although this mechanism of degradaticn
probably played an important role in our initial studies in vitro using the
same types of plates that were used in USAIDR's animal studies. Because drill
holes were used to accommodate the metallic fixation screws, we believed that
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this type of mechanism may have been predominant in the rapid loss of mechani-
cal properties seen by USAIDR.

10. Effects of volume-fraction loading on phvsical Rroperties of
.=-reinforced composites Drepared from small-diameter CMP
fibers

The rapid decline in flexural properties observed for cut or drilled
plates in vitro and in vivo led us to examine possible expianations for and
prevention against this rapid loss. Because we had previously shown voids to
exist at the polymer/fiber interface, it was possible for fluids to enter the
composite along these voids, thus destroying the polymer/fiber interface and
decreasing composite strength. To reduce the void spaces and improve the
polymer/fiber interface, we prepared composites reinforced with small-diameter
CMP fioers produced on our split tube furnace. Because these small fibers are
stronger than previous hand-drawn fiber, it was possible to reduce the fiber-
volume loading, providing less available space for wicking, while maintaining
the strength of the plates. The following studies were conducted using
solventless techniques to determine the effects of fiber-loading on the
flexural properzies of the plates.

Initially, plates were prepared with 65% by volume glass fiber for
comparison with the 65%-loaded solvent plates. Table XXII and Figure 33
compare the weakening of full-size and mini composite plates after being
incubated in saline at 37 *C. The flexural properties were determined by
testing the composites in 3-point bending. In contrast to earlier studies,
there was not a catastrophic failure of the plates after being incubated in
saline for 1 day, although the reduction in strength and modulus was substan-
tial. Also in contrast to previously reported results, the differences in the
response between the full-size plates and the cut mini plates was not substan-
tially different. Because these plates were made using identical fabrication
procedures and fiber-volume fractions used previously, this increased stabili-
ty when exposed co saline was believed to be due solely to the use of the
smaller-diameter CMP fibers. Although fiber ends of the mini plates were
directly exposed to the saline, the pores or orifices created between adjacent
CMP fibers were small enough to limit the rate at which the saline could enter
the composite, and thus effect the polymer/fiber interface.

Having shown that reducing fiber diameter improves composite performance in
vitro, plates were then prepared to determine if a reduction of the CMP fiber
loading would further improve the properties in vitro. Plates loaded with 65,
50, and 35% by volume small-diameter CMP glass fibers were prepared and evalu-
ated for strength retention in vitro. Table XXIII and Figure 34 depict the
changes in flexural properties of these plates after incubation in saline at
37 *C. The composite plates containing 35% by volume CMP retained a greater
portion of their initial strength and modulus than did the 65%-by-volume
plates. Recause a large difference in initial properties was not observed,
the plates containing 35% CMP fibers were stronger and stiffer than similar
plates containing 65% CMP fibers. These data suggested that reducing the CMP
fiber concentration from 65 to 35%, results in a further reduction of space
available for wicking fluids. This is to be expected since the DL-PLA has a
greater access to the surface of each reinforcing fiber. Also, because the
polymer matrix serves to transfer the stresses between reinforcing fibers, the
increased coverage results in a better stress transfer between fibers and the
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TABLE XXII. COMPARISON OF THE LOSS OF FLEXURAL PROPERTIES OF 65%

BY VOLUME CMP-REINFORCEDa DL-PLA COMPOSITES AFTER
INCUBATION IN PHOSPHATE-BUFFERED SALINE AS A FUNCTION
OF TIME

Flexural modulus, psi (106), Flexural strength, psi (103),

after incubation for after incbation for
Ccmposite 0 days I day 7 days 0 days I day 7 days

Full Size 1.22 0.88 0.28 45.2 27.6 11.8

Mini 1.46 1.02 0.18 35.4 21.6 8.0

aSmall-diameter fibers.
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TABLE XXIII. LOSS OF FLEXURAL PROPERTIES OF CMP-REINFORCEDa DL-PLA
MINI COMPOSITES AS A FUNCTION OF INCUBATION TIME iN
PHOSPHATE-BUBfERED SALINE

CMP Flnxural modulus, psi (106), Flexural strength, psi (103),
fiber after incubation for after incubation for

volume, % 0 days I day 7 days 0 days I day 7 days

65 1.46 1.02 0.18 35.4 21.6 08.0

50 1.32 0.88 0.19 33.9 23.1 07.9

35 1.26 0.80 0.28 30.3 20.4 10.0

aSmall-diameter fibers.
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strength and stiffness of the low-volume fraction remains high. It was the
combination of these two benefits, less space for fluid wicking and better
stress transfer, that was responsible for retaining the composite properties
after exposure to saline in vito.

ii. Coatin g of composite to reduce wicking action

In the previous experiments, we examined ways to reduce the influx of
fluid into the composite uy reduciLig the diameter and the quantity of fiber
incorporated into the composite. We also examined a method of coating the
composites with a polymer coating to prevent the influx of fluid. Initially,
solutions of both DL-PLA and PCL were used to coat the plates. The DL-PLA-
coated samples were found to lose their mechanical strength as fast as the
uncoated samples. The PCL-coated samples were found to be more resistant to
water infiltration as seen by their slower loss of mechanical properties,
although the loss was still significant. Because we believed that these
coatings were not watertight due to holes left from the evaporating solvent, a
hot-melt-coated sample was prepared by pressing a film of PCL and heat sealing
this coating around the composite. Microscopic examination of the coating did
not reveal any air pockets or pathways for water travel.

The results of our mechanical testing of these c..nposite plates are shown
in Figures 35 and 36. The solid lines represent the loss of mechanical
properties of full-size composite plates we prepared using the same techniques
as those used to prepare the plates used by USAIDR in the animal study. These
are referred to as the Army solvent plates and are used as a reference. The
long dashed lines represent cut mini composite plates that we preparea using
heat only and are referred to as the solventless mini-plates. These plates
therefore had CMP fiber ends exposed and were tested using the smaller span
width. The strength and modulus of the solventless plates before they were
cut is shown by the diamond on the abscissa in the figures. Large solventless
plates were not evaluated in saline as described above. The short dashed
lines represent mini-plates that were dip coated in DL-PLA. The dotted lines
represent the mini-plates that were brush coated with PCL. The dash/dotted
lines represent mini-plates that were heat sealed with a PCL film.

These figures show that all of the composite samples we tested lost at
least 50% of their mechanical strength within one week. Because of the diffi-
culty in visualizing this rapid strength loss over short time periods, these
data are also plotted logarithmically in Figure 37. Dip coating the plates in
DL-'LA did not slow down the rate of mechanical-strength loss and resulted in
initially weaker plates. Brushing a solution of PCL onto the plates, however,
did decrease the rate of strength loss, although these plates lost 75% of
their strength within four weeks. The most successful coating was the heat-
sealed film of PCL. These plates retained over 30% of their initial strength
after being incubated in saline for one week. Even more encouraging was the
retention of flexural modulus of composite plates coated with a film of PCL
(Figure 38). After one week in saline, these plates had lost less than 9% of
their initial modulus.

These studies indicate that a coating of PCL can reduce the rapid
weakening of resorbale composites. But even more protection is required to
protect the polymer/glass interface and prevent moisture from easily wicking
into the composite, resulting in the destruction of this interface.
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12. Evaluation of zlass/holymer interface

Coating the composites did not completely protect them from environmental
moisture, possibly a result of nicks, cuts, or imperfections in the coating,
and additional measures were employed to maintain the integrity of the compos-
ite. We believed that a problem existed in the interface between the DL-PLA
matrix and the CMP fiber. In order to achieve the benefits of both the poly-
mer matrix and reinforcing fiber in a composite structure, the interface
between these two phases must be intact and functional. In an effort to
identify problems associated with DL-PLA as the polymer matrix, CMP as the
reinforcing fiber, incompatibilities in our fabrication techniques, or other
discrepancies in our regimen, we undertook an investigation in which both
resorbable and nonresorbable materials were used in composite fabrication.

In this investigation, polypropylene and a cure-in-place thermoset epoxy
were selected as nonbiodegradable matrix materials. DL-PIA and PCL were
selected as the biodegradable matrix materials. PCL is more hydrophobic than
DL-PLA in vivo, owing to its higher alkyl content and crystalline nature.
Polypropylene and PCL were both thermoplastic and were processed similarly to
DL-PLA. CMP was chosen as the bioresorbable reinforcing fiber for this study.
Commercially available fiberglass (FG) was selected as the nonresorbable
reinforcing material.

Using this test design, we were able to distinguish between the effects
of reinforcing material, polymer-matrix selection, and fabrication techniques.
Each composite was prepared using our standard techniques except when epoxy
was used as the matrix. Thermoset epoxy composites were prepared by mixing
the epoxy and hardener in the appropriate ratios and pouring the mixture over
each layer of fiber. The mold was then gradually closed to remove excess
epoxy.

After fabrication, each composite was cut into four mini plates of equal
size and either tested as a control or incubated at 37 °C in PBS for either 1,
7, or 14 days. The mechanical properties of the composites were then evalu-
ated in three-point bending. These results are recorded in Tables XXIV and
XXV and illustrated in Figures 39 through 42. Table XXIV provides a record of
the average values for both the changes in flexural modulus and strength.
Table XXV provides these results as a percent of loss of flexural properties
from the control values.

The data in Figure 39 show an interesting trend. All of the composites
fabricated with CMP gave a dramatic decrease in flexural strength compared to
those prepared with the FG. This was suspected to have been caused by the
degradability of the CMP fibers, not due to differences in fiber diameter. It
is also encouraging that the two most hydrophobic polymer matrices, polypro-
pylene and PCI, gave better retention of flexural strengths than the more
hydrophilic epoxy and DL-PLA resins even though their initial values were low.

This indicated that the use of a more hydrophobic biodegradable polymer in
conjunction with a more hydrophobic biodegradable glass would provide strength

retention.

Figure 40 shows the same type of effect for the values of flexural

modulus. All samples with the biodegradable CMP fibers gave sudden decreases

I0 1



.- 1 r- cn 0 C - 4 0 tL)
0 I (N 04~ (N -4 (N C44

1.4 Cd '-4 -4 0 0 )

ul 10 9

0 Q)
1-4 r- 0

E-4 u0 %D -4 U') C-1 C14
- >-, *-4 (N4 UlC ..1 n -4 0 (N

:$- -4 4 '- 0 0 0C 4 0
Pw cn -4 4.

O E-4 0.
00<

U3r- ' r- en C4 00 u a% 0
w z4 -. 4 (N, C14 Un 1.0 - C14 -4 (N4

w Wa -4 CN 0 0 0 -4 0D

Cd =-T co ul r- h- 0 IT CD
W > .0 c an 0 C' 0 '

C4 4-4 14 -4 0 0 -4 (NJ

ry E-4 0-

E-44~

0 10 bcn

04

04 z0
0J

g-.- 1--)c

- '-4 0 W-4

0 -44-
Cf.~C V)u ) -4 a* N -)0 00

'-4 - W

-4 <. w w. 0 -u 0
o. c'i

(1)~ 0 cc
C:) n lO i - U0

0U C>,

t-4 000U-

0 a

'-4 0.C u

-4 0 :0- U.

C3~ 0 .. 7 64 a.. U N -. ~ .
cn u w w .CL4 C--



TABLE XXV. PERCENT CHANGE OF FLEXURAL PROPERTIES OF GLASS-REINFORCED
COMPOSITES AFTER INCUBATIONIN PHOSPHATE-BUFFERED SALINE

AT 37 "C AS A FUNCTION OF TIME

Flexural strength, % Flexural modulus, %
change from control, change from control,

Sample during incubation period during incubation period
composition' Day 1 Day 7 Day 14 Day 1 Day 7 Day 14

E/FG -25 -43 -59 -25 -27 -35

E/CMP 4 -67 -74 34 -18 -25

PP/FG -6 -2 -2 -27 3 -8

PP/CMP -46 -45 -47 -42 -62 -76

PCL/FG -15 7 -3 0 15 8

PCL/CMP -58 -59 -65 -72 -85 -88

DL-PIA/FG -25 -30 -36 14 2 15

DL-PLA/CMP -80 -85 -88 -93 -92 -91

aFG - fiberglass
CMP - calcium metaphosphate

E - epoxy
PP - polypropylene

PCL - polycaprolactone
DL-PLA poly(DL-lactide)
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in modulus values com-pared to the fiberglass samples, which showed almost no
loss in modulus except for the epoxy resin.

These same results are shown in Figures 41 and 42 where the same resin
with the two different fibers are plotted side by side. It is also evident
that the smaller fiberglass fibers generally gave stronger composites than
those prepared with CMP. The initial flexural modulus values shown in Figure
42 do not show the same relation as those foi the flexural strengths; never-
theless, they still show the same decline with the biodegradable CMP fibers.

Our investigations to determine the effects of exposure of glass fiber
ends on the degradation rate of the composite plates have been illustrated by
comparing the differences in degradation rates of full-size plates (3 x 0.05 x
0.125 in.) as compared to the mini (or cut) plates (1.5 x 0.25 x 0.125 in.).
DL-PLA composites reinforced with either fiberglass or CMP were used in this
comparison (Figure 43). Initial values for both strength and modulus 3t full-
size and mini plates are similar. Prolonged exposure of the fiberglass-
reinforced plates to PBS does not catastrophically affect the strength of
either the full-size or the mini plates, and in particular, the modulus of
either of the plates. However, full-size and mini CMP-reinforced plates
degraded appreciably with prolonged exposure to saline, with the mini plates
degrading at a rate much faster than that of the full-size plates. The
results of these studies confirmed our suspicions that exposed CMP fiber ends
obtained with the cut mini plates or from other imperfections, such as drill
holes, significantly affect the rate of fluids wicking into the composite,
which adversely affects the mechanical properties of the composite.

13. Processes to create hydrophobic composites

In addition to those efforts described in the previous sections designed
to retard fluids entering the composite, we also attempted to repel fluids by
creating a hydrophobic environment within the composite structure. This was
done by precoating the CMP reinforcing fibers with crystalline biodegradable
polymers, investigating alternative biodegradable polymers, and using hydro-
phobic additives, such as surfactants and oils.

a. Development of a more hydrophobic matrix

Previous studies that the primary cause of the rapid loss of flexural
properties seen in composites exposed to a moist environment was due to excess
fluids wicking into the composites and ultimately destroying the polymer/glass
interface. These studies indicated that the use of either a more hydrophobic
polymer matrix may be required to eliminate or reduce fluid wicking into the
composite. O.,e method of increasing the hydrophobicity of the DL-PLA matrix
was the use of a crosslinking agent. While crosslinking the Pr-PLA to
increase the hydrophobicity of the matrix was a feasible idea, it would also
destroy the thermoplasticity of the polymer. This would require that the
polymer be crosslinked during the final fabrication step. Because we could
not accomplish this with our equipment, this technique could not be used with
our composite process.

Another approach to provide a more hydrophobic matrix was to replace the
hydrophilic DL-PLA matrix material with a more hydrophobic polymer. PCL and
L-PLA are two biodegradable polymers that were known to be hydrophobic due to
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their high degree of crystallinity. Because PCL processes quite easily, it
was examined first. These plates, however, were excessively weak and easily
deformed, and we then examined L-PLA. Because of its crystalline structure,
L-PLA has poor thermal processing characteristics, and is more difficult to
process than either PCL or DL-PLA. This made it difficult to prepare biode-
gradable composites with adequate polymer/fiber contact. Previously, we had
shown that reducing the volume of CMP reinforcing fiber in DL-PLA composites
from 65 to 35% provided better plate, and that this was probably a result of
improved polymer/fiber contact, which reduced fluid wicking and better
utilized the reinforcing fibers. We therefore decided to continue using 35%
(by volume) CMP reinforcing fibers in our investigations of L-PLA
composites.

Figures 44 and 45 show the flexural strength and flexural modulus of L-
PLA composite plates fabricated using a variety of techniques. Our standard
screening routine involved testing the composite plate in three-point bending
to determine its initial flexural properties. The same plate or a similarly
prepared plate were then used to prepare the mini plates. These plates were
then tested in three-point bending, either before or after incubation in
phosphate-buffered saline. It should be noted that this regime was used as a
screening tool to determine which fabrication procedure resulted in the best
strength/time profile under these conditions. Because the plates were cut and
because some had been flexurally tested initially, this scenario represented a
worst-case condition in that the mini plates contained exposed fibers, some of
which had been prestressed. Earlier in the program, when we were dealing
primarily with DL-PLA composites, we conducted some preliminary tests to
determine the effects of testing mini plates as opposed to "standard" full-
size plates (3 x 0.5 x 0.125 in.). We found then that the apparent flexural
properties of mini plates were only slightly less than those of the standard

plates. This was not the case for the plates reported in Figures 44 and 45,
however, where an L-PLA matrix with an inherent viscosity of greater than 2.0
dL/g was used. Nonetheless, by using this type of screening tool, we were
able to quickly determine the initial flexural properties as well as the
relative decline of these properties under worst-case conditions.

The first set of data in Figures 44 and 45 shows the strength and modulus
of L-PLA composite plates prepared using our solventless fabrication tech-
nique. The initial strength of these plates was only marginal and declined to
nearly zero after only 10 days in saline. When the mini plates were cut, each
of the 14 discreet CMP laminates could be distinguished, indicating that there
was not good impregnation of the CMP reinforcing fibers by the L-PLA matrix.
In an effort to obtain better polymer/fiber contact, we lightly sprayed each
of the L-PLA/CMP laminates with a solvent before the composite was heat
pressed. The result was a 140% increase in flexural strength (48 x 103 psi)
and a 55% increase in modulus (3.9 x 106 psi) as shown in the second group of
bars in Figures 44 and 45. These plates did much better in saline, main-
taining about 50% of their strength after 10 days. We also prepared L-PLA/CMP
composite plates where only a powder of the L-PLA was used as the matrix.
These plates were prepared in a similar fashion to those described above,
except that the L-PLA powder was distributed over each CMP laminate instead of
a polymer film. The flexural strength and "odulus of these plates was simi-
lar to those using the solvent bonding technique, both initially and zfter
incubation in saline (third group of bars in Figures 44 and 45).
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Because of the problems we encountered in forcing the L-PLA matrix to
impregnate and surround the CMP fibers, we prepared the next group of plates
with thinner polymeric films, thereby allowing us to use twice as many lami-
nates. These films were spun cast instead of heat pressed. Although twice as
many laminates were used, the overall fiber loading of the composites remained
at 35% (by volume). The results of three-point bending tests on these compos-
ites is shown in the fourth group of bars in Figures 44 and 45. These plates
initially had very good flexural properties, and after incubation in saline,
the strength and modulus declined at a rate similar to the solvent and powder
composites described above.

The last group of composites prepared using this high-molecular-weight L-
PIA involved uslig both L-rLA filws and L-PLA fibers that were melt spun cn
our extrusion equipment for use in these plates. We had hoped that mixing the
L-PLA fibers with the CMP fibers would result in better contact between
polymer and CMP fiber. The matrix portion of the composites was divided
equally between spun-cast L-PLA films and L-PLA fibers. The overall volume of
CMP fiber remained at 35%. Again the strength and modulus of these composites
were only marginal, being about half of that reported for the three previous
groups of composites. The reasons for this poor performance are not clear but
are probably related to the difficulty we had in manipulating the L-PLA fibers
during composite fabrication.

b. The effects of sizing agent on the DL-PLA/CMP composites

In an effort to retard the influx of fluid into the composite plates and
to consequently slow down the rapid loss of flexural properties of the
composites, we attempted to coat a sizing agent onto the glass surface to
enhance bonding between the polymer matrix and the glass reinforcing fibers.
The sizing agent we used was Dow Corning's Z-6032 silane. Although this
material is neither biodegradable nor biocompatible, we wanted to determine
whether any sizing agent would bond the reinforcing fibers to the polymer
matrix. If this task could be accomplished, reduced fluid wicking, better
stress transfer, and greater fiber stability would probably result. Z-6032
possesses both organic and inorganic reactivity, which makes it an excellent
coupling material because it can bond to both the organic matrix and the
inorganic glass. It is supplied in methanol and can either be added to the
matrix material or used as a typical coating on the glass surface. We chose
to apply the silane to the surface of the glass to keep the concentration of
the sizing agent in the composite plate to a minimum. Once the methanol was
driven off, the fibers were laminated into both a DL-PLA composite and an L-
PLA composite and the flexural properties of mini plates were examined as a
function of incubation time in phosphate-buffered saline.

The results, presented in Figure 46, indicate that coating the rein-
forcing fibers with silane provides some improvement in the flexural strength
and the modulus of DL-PLA composites after 1 week of incubation. The L-PLA
plates were poorly laminated (when cut, discrete laminations could be seen)
and conclusions based on the data may not represent actual enhancement. The
flexural strength and modulus of the composites treated with silane show
marked improvements for the 1 day values, but the 1 week values are not much
different from the iitreated controls. Because the initial strength and
modulus of the composites does not increase substantially when the reinforcing
fibers are treated with silane there is probably little or no chemical bonding

113



50
A

- 40

* C/\
~30

z
Mi

20 /7t
U)j

10

0 D AYS [Ml DAY M-71 WEEK,
2.0

B

ck. 1.5 - , , --

0 1.0 - /,. -

IL.

". 0 .5 -- " ' " " "

.1

DL-PLA/CMP(65%) DL-PLA/CMP(S) L-PLA/CMP L-PLA/CMP(S)

0 DAYS f7]1 DAY M1 WEEK

Figure 46. Change in flexural pr,. perties of Dow Corning Z-6032 coated [denoted
by (S) I and noncoated 65% by volume CMP fiber-rein forced mini
composites after incubation in phosphate-buffr ed saline as a function
of time." A ) flexural strength, and 8) flexural modulus.

2.0,'



between the sizing agent and the polymer matrix. Evidence that the silane may
bond with the CMP-reinforcing fibers comes from the slower decay of flexural
properties (and thus protection of the surface of the reinforcing fibers) of
the treated composites. Ultimately, however, the fluid wicks along the fibers
and to destroy the weakly formed bonds of the silane glass interface, which
resulted in composite weakening.

c. Coating of glass fiber with hvdroDhobic polymers

Because of the slight improvement in property retention using a sizing
agent, our next attempt to prevent fluid from wicking along the glass/fiber
interface of biogradable composites fiber was to precoat the CMP reinforcing
fibers with a hydrophobic biodegradable polymer. We initially attempted to
coat the fiber with a newly available hydrophobic copolymer of
poly(hydroxybutyrate) (PHB) and poly(hydroxyvalverate) (PHV). We prepared a
solution of the copolymer (PHBHV) in chloroform and coated the CMP reinforcing
fibers by brushing each of the 14 layers and allowing the solvent to evapo-
rate. These coated layers were then incorporated into an L-PLA matrix using
our standard solventless technique. These plates did not form good laminates
due to the poor processing properties of the L-PLA and the low melting point
of the PHBHV copolymer. Similar processing problems were also encountered
when PCL was used to coat CMP fibers because of the difference in melting
points between the coating polymer and the matrix polymer. Although both PCL
and PHBHV are hydrophobic, they melt at temperatures much lower than those for
DL-PLA and L-PLA. Also because these polymers are hydrophobic, they do not
readily wet the inorganic reinforcing fibers and thus yield weak composites.

We again prepared composites using PCL- or PHBHV-precoated CMP fibers,
but this time the polymer used to coat the fibers was also used as the polymer
matrix. The first two groups of data in Figures 47 and 48 illustrate the
differences in the flexural strength and modulus of PHB/CMP or PHBHV/CMP
composites before and after incubation in saline. The first group of bars
represents the flexural properties of PHB/CMP composite plates; the second
group of bars represents the PHBHV plates containing PHBHV-precoated fibers.
The flexural properties of both the PHB and the PHBHV composites are far below
those reported for the L-PLA plates shown in Figures 44 and 45. Similarly,
composites using PCL as the matrix and fiber coating resulted in relatively
weak plates The results of three-point bending tests performed on these
plates is shown in the third and fourth group of bars in Figures 47 and 48.
The third group of bars represents the flexural properties of PCL plates that
did not contain precoated fibers; the fourth group of bars represents PCL
plates that contained precoated fibers.

The flexural properties of L-PLA composite plates containing CMP fibers
coated with L-PLA is shown in the first set of bars in Figures 49 and 50. The
L-PLA used to prepare these plates had an inherent viscosity less than 1.0
dL/g; therefore, these data are not directly comparable to that shown in
Figures 47 and 48. However, because these plates were made in a similar
manner to those whose flexural properties are shown as the second group of
bars in Figures 47 and 48, the effects of this lower-molecular-weight polymer
on flexural properties can be estimated. There was 50% reduction in flexural
strength and modulus when going from higher-molecular-weight (IV > ^.0 dL/g)
to a lower-molecular-weight (IV < 1.0 dL/g) L-PLA. Because this difference
was not immediately apparent to us, this L-PLA was used in the evaluations
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described in the following paragraphs and can only be gauged with respect to
the data shown in Figures 49 and 50 and not those shown in Figures 47 and 48.
We expected that the effects of hydrophobic additives on the flexural proper-
ties of biodegradable polymers, as described below, would hold true for the
higher-molecular-weight L-PLA as well. Because we had reported better
mechanical properties using lower-molecular-weight DL-PLA previously (using
nonresorbable reinforcing fibers) and because the lower-molecular-weight L-PLA
was more easily processed than the higher-molecular-weight L-PLA, we did not
anticipate such a reduction in mechanical properties (4). We also noticed
that mini plates cut from composite plates using the low-molecular-weight L-
PIA did not show the same drastic reduction in strength as do those cut from
the higher-molecular-weight plates.

Our final efforts to create a hydrophobic environment withi, and around
the composite structure, were to use mineral oil or the surfactant nonoxynol-9
(NN9) to precoat the CMP reinforcing fibers. Both of these additives resulted
in an increase of flexural properties for L-PLA plates, although the increase
was not drastic. The results of three-point bending tests on composite plates
fabricated with mineral oil or NN9 are shown in the second and third groups of
bars in Figures 49 and 50. In addition to the slight increase in initial
flexural properties when these hydrophobic coatings were used, the rate of
strength decline after incubation in saline was somewhat slowed.

Another set of L-PLA plates (IV < 1.0) was prepared and dipped in NN9
before being tested. It was hoped that the NN9 would wick or diffuse into the
composite and thus prevent rapid permeation by saline. The last 7roup of bars
in Figures 49 and 50 shows that coating the entire composite with N9 did not
greatly affect the initial flexural properties of the composites, nor did it
alter the rate of strength decline.

Although biodegradable composite plates consisting of L-PLA as the matrix
and CMP as the reinforcing fibers described here continued to lose their
strength at a fairly rapid rate after incubation in saline, we believed that
properly constructed full-size plates with an exterior coating of PCL would
provide the strength/time profile necessary for effective fracture fixation in
dogs. We had demonstrated that very strong biodegradable plates could be made
with the proper selection of polymer molecular weight and fabrication process.
We had also shown that DL-PLA plates coated with an exterior layer of PCL
helped retard the influx of fluids and thus provide higher strengths for
longer periods. Therefore, this combination of high-molecular-weight L-PLA
and construction techniques led to the improved polymer/fiber contact,
obtained with the plates used in the final in vivo evaluation.

14. Crystallization of CMP Fibers

In general, glasses that are crystallized are less soluble than their
noncrystalline counterparts. We therefore tried to crystallize CMP already in
fiber form, so that the reinforcing phase of the biodegradable composites
would be less susceptible to fluids. Although most glasses crystallize only
at temperatures above their glass-transition temperature (T.), CMP has been
reported to rapidly crystallize at temperatures below its T8 (4-6).

Unfortunately, this rapid crystallization was only seen in bulk samples.
However, if crystallized under stress or under a temperature gradient, the
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rate of crystal formation was accelerated. We tried to crystallize CMP fibers
by stressing them at 8 kg/cm2 while holding them under a temperature gradient
of 20 'C/cm. Although these were the reported optimum conditions for
crystalline growth in CMP, we were not able to detect crystal formation, and
many of the fibers broke under these conditions. There is an abrupt change in
crystal growth rate that occurs for specimens with thicknesses above I mm. Tie
CMP fibers we were trying to crystallize had diameters of about 50 pm. The
crystal growth rate of thicknesses can be 101 7 to 10M8 times slower than that
of block specimens, even under optimal conditions. Although we were able to
crystallize bulk samples of CMP in the past, it was not possible to form
small-diameter fibers from bulk crystalline CMP. Therefore, we discontinued
this phase of research.

15. Investigation of alternative bioresorbable glasses

To further improve the strength and degradation rate of the composite by
improving the fiber/matrix interface, we examined the use of two glasses with
previous histories as reinforcers for polymeric medical devices. The first of
these was a glass prepared from sodium phosphate monobasic monohydrate (U.S.
patent 4,612,934). The second was a glass prepared from a mixture of calcium
oxide, calcium fluoride, and phosphorous pentoxide (U.S. patent 4,604,097).
We prepared fibers of both of these glasses using our old drawing procedure
and evaluated their tensile strength and dissolution rate in saline.

We have also experimented briefly with calcium sodium metaphosphate
fibrils (U.S. patent 4,346,028). Because it was grown as small crystals, it
was not available in continuous lengths and was more suited for use in
injection-molding applications. It was reported to be water insoluble, yet it
was broken down in the body through enzymatic attack.

We obtained a small sample of this material and tried to injection mold
it with PCL. Parts formed using these materials had good surface quality upon
visual inspection but were very brittle. Therefore, we abandoned the use of
this glass as a reinforcing material.

16. Evaluation of screw holes on composite strength

Resorbable fixation plates are generally attached with bone screws, which

required that transverse holes be drilled in the plates to accommodate these
screws. To determine the effect of these holes on composite strength, we

conducted a series of tests where holes were drilled through DL-PLA/CMP
composites. Holes were drilled in our composite plate to accommodate a 6-32

machine screw. All holes were along the longitudinal axis of the plates, and
either two or four holes were tested. In addition to accessing the effects of
holes on the flexural properties of composite plates, we also investigated the
differences between simple straight-through holes and counter-sunk holes.
Half of the plates were securely attached to wooden splints to simulate
attachment to bone. The other plates were tested without the use of the
wooden splints. The splints were two discrete pieces of wood, therefore, the
strength of the wood was not a major factor in stress and modulus calcula-
tions. The flexural properties of the plates and the plate/splint constructs

were determined in 3-point-bending.



Figure 51 shows the effects of using two or four holes, attachment of the
plate to the wooden splints, and counter-sinking the screw holes on the
flexural strength and modulus of composite plates and plate/splint constructs.
For all of the data presented in Figure 51, the standard equations for
computing flexural strength and modulus were used. These equations are not
completely valid because the screw holes alter the cross-sectional shape of
the plates and the wooden splints change the force distribution on the plates
and complicate the geometry of the applied load. Nonetheless, we used these
equations because they allow us to compare the overall strength of the differ-
ent systems under test.

There were several definite trends which can be seen in both the strength
and modulus data shown in Figure 51. First, the values for composites
attached to the wooden splints were always higher than those for the plates
tested alone. This was due to the altered stress state created by the 6-32
screws and the presence of the wooden splints. Second, the plates which
contained only two holes (either straight through or counter sunk) and not
attached to the wooden splints were always stiffer and stronger than the
corresponding plates containing four holes. This was expected bicause of the
four-hole plates had more of the load-carrying material drilled out. Third,
the plates and constructs which had counter-sunk holes were always less rigid
and ueaker than the same systems with straight-through holes. Again, this was
due to the fact that the plates without counter sinks were more intact than
the plates with counter-sunk holes. All of these trends are consistent for
both strength and modulus calculations. However, when comparing differences
between the strength and modulus of four-hole versus two-hole plates attached
to the wooden splints, the trends are different. For these cases, the modulus
of the plate/splint constructs with four holes was always higher than those
with two holes. Conversely, the strength of plate/splint constructs with four
holes was always lower than those with two holes. Because this trend was only
seen when the plates were not tested with the wooden splints, the increased
modulus for the four-hole constructs must be caused by the added effective
rigidity of the wooden splints due to attachment of the additional screws.
Similarly, this added rigidity concentrated the bending stresses near the
center of the plates and resulted in an apparent lower strength.

Because the use of four hole instead of two resulted in constructs with
higher rigidity and because counter sinking the screw !,oles detrimentally
affects the strength and stiffness of the plate/splint construct, we recom-
mended that a 4-hole attachment teiLinique using straight-through holes be used
in subsequent animal studies.

17. Torsional strength of composite plates

When the drilled composites were implanted in the animal studies, they
tended to fracture along the longitudinal axis (through the screw holes) due
to lack of reinforcing fibers in the orthogonal directions. Because the
torsional loads in fixation plates can be greater than those in bending,
laminates containing 45' cross-plies were evaluated. Based on an analysis of
the stresses in a plate under complex loading, the normal bending stresses are
predominately acting near the outer surfaces and dissipate near the interior.
The maximum shear stresses caused by torsion are also at a maximum near the
outer surface but do not diminish or change signs within the interior of the
plate. For these reasons, we decided to concentrate the 45° cross-plies
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closer to the plate's neutral axis (with respect to bending). Because our
standard laminating technique involved the lay-up of 14 layers of fibers, we
chose the following configuration for torsionally resistant plates.

Layer: 1 2 3 4 5 6 7 8 9 10 11 12 13 14

Laminate
orientation: 0° 0* 0* 45" 0' -450 0* 0° -45° 0* 45° 00 0* 0*

So that two consecutive laminates do not have fibers with perpendicular orien-
tations, at least one layer of longitudinal fibers was included between cross-
ply laminates. The initial composite samples were prepared by coating fiber
layers positioned at either 45° or 90° angles with a solution of PCL to main-
tain their orientation and protective CMP fibers. The solvent was removed
from the fiber layer and composites were prepared by our standard stet tech-
niques using 14 layers of fiber reinforcement.

In addition to the 450 and 90° oriented samples, 2 sets of controls
plates were also prepared. The first control was a standard DL-PLA/CMP
composite plate. The second set of controls had four 0* layers (layers 4, 6,
9, and 11) of PCL-coated fiber.

The apparent shear was calculated by the following equation:

G - 917 TL/ab
3p'

where:

G - apparent shear modulus of rigidity
T - applied torque,
L - specimen span length,
a - specimen width,
b - specimen depth,

- angle of deflection, 0

- 5.33-[3.36b/a(l-b4 /12a1)] - 4.49

The maximum shear stress was calculated using the equation

r-2G9 a
where:

r - maximum shear stress, psi
0 - angle of deflection per unit length, radians/in.

Both controls and cross-ply composites were then evaluated in pure
torsion using an in-house constructed torsion tester. This apparatus was
mounted in our Instron Universal Testing Machine where the torque was applied
and measured. The angle of twist was also recorded using a strip chart
recorder. The results of these evaluations are presented in Table XXVI and
illustrated in Figure 52.

These data show that the composite plates containing the cross-ply lami-
nates exhibited lower torsional strength ind modulus than the control plates
containing unidirectionally oriented fibers only. This was believed to have
resulted from shifting of the cross-ply layers during plate fabrication and
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TABLE XXVI. DETERMINATION OF TORSIONAL STRENGTH

OF COMPOSITES

Composite8  Shear modulus, psi shear stress ps, psi

PLA/CMP 68,588 56,139

+-45* PLA/CL 40,796 47,086

±450 POL 26,904 45,287

PLA/CL 75,572 55,807

90' PLA/CL 30,420 31,171

'PLA/CMP - CMP-fiber-reinforced poly(DL-lactide) matrix.
±45o PLA/CL - ±450 polycaprolactone-precoated, CMP-fiber-
reinforced, poly(DL-lactide) matrix.

±45' PCL - ±45* polycaprolactone-precoated, CMP-fiber-
reinforced, polycaprolactone matrix.

PLA/CL - polycaprolactone-precoated, CMP-fiber-
reinforced,poly(DL-lactide) matrix.

900 PLA/CL - 900 polycaprolactone-precoated, CMP-fiber-
reinforced, poly(DL-Iactide) matrix.
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concentrated them near the ends of the plates. This primarily resulted from
differences between the melting and softening temperatures of DL-PIA matrix
and the PCL used as the fiber coating. While fabricating the composite, the
DL-PIA had to be heated to approximately 175 "C to obtain an adequate DL-PLA
melt-viscosity. At this temperature, which was well above the melting point
of PCL, the PCL became fluid and was easily displaced during the pressing of
the composite plate. Because the venting ports for the removal of excess
polymer were located at the ends of the composite mold, and because the cross-
ply reinforcement was contained within the PCL layers, many of the cross-ply
fibers may have migrated toward the ends of the plate when it was pressed or
may have become jumbled or broken in their orientation. Moreover, we have
previously reported that composites prepared using PCL as the matrix polymer
did not have good rigidity or stiffness. Because of its inherent hydro-
phobicity, PCL does not readily wet the CMP reinforcing fibers and may not be
suitable for use as either the matrix polymer or as a coating on the rein-
forcing fibers. Further evidence substantiating these conclusions comes from
examining the torsional performance of cross-ply composites when PCL was used
as the matrix polymer. When compared to identically prepared DL-PLA/CMP
composites, these PCL-matrix composites were weaker and more compliant in
torsion.

We were surprised to find that the composite plates containing only
unidirectional and longitudinal CMP fibers were stronger in torsion than
plates containing 450 cross-plies. These results cannot be reasoned from a
mechanical-stress analysis using composite theory. Therefore, we concluded
that the reason for the poorer performance of the cross-ply composites were
probably related to an incompatibility between the reinforcing and matrix
phases of the composite, the use of relatively large reinforcing fibers or
discrepancies in our fabrication techniques. Material incompatibility may
stem from the simultaneous use of hydrophobic and hydrophilic polymers, and
difficulties we encountered in fabricating these composites were described
earlier. These composite plates were prepared before we were able to make
small-diameter CM? fibers on a consistent basis. The use of small-diameter
CMP fibers and only one hydrophobic matrix material we believed would produce
plates with equal or greater torsion strength than unidirectional plates. For
this reason, and because longitudinal fracture of composite plates used in
vivo is likely to remain a problem when only unidirectionally oriented fibers
are used, we incorporated cross-ply layers into composite plates used in
subsequent animal investigations.

18. Fabrication of composite Plates for use in animal studies

Having developed several techniques which, when used independently,
slightly improved property retention of our composite plates in vitro, we then
established a fabrication process for the lamination of bone plates to be used
by the Army for repairing mandibular fractures in dogs. The fabrication
technique using 28 laminates (as opposed to the 14 used initially) was
probably successful at improving composite properties because of the shorter
distance the polymer had to flow to reach all of the CMP fibers during heat
processing. Although the number of laminates was doubled, the total volume of
material remained constant because each laminate contained only half of the
mass contained in each laminate when 14 laminates were used. The composites
made using a fine L-PLA powder were similar in nature to those made using 28
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laminates. Again, because the polymer powder was dispersed throughout the
reinforcing fibers, there was good contact between the polymer matrix and the
reinforcing fibers. The resorbable composite plates prepared with solvent-
bonded reinforcing fibers also had better mechanical properties than those
prepared using heat and pressure alone. Because the fibers were in intimate
contact with the matrix polymer before the layup procedure was begun, the
final composite contained CMP fibers that were in good contact with the
polymer matrix.

In addition to the fabrication improvements described above, we also
incorporated some diagonal fibers into the composites to be implanted. This
was done to help reduce the incidence of composite fracture along its longi-
tudinal axis that had occurred in some of the previous implants while
attaching the composite to the bone. We previously reported that four layers
(of the total 14 layers) of +45° reinforcing fibers did not increase the
torsional strength of composite plates and resulted in lower flexural proper-
ties. For this reason, we used only two layers of ±30 ° fibers equally spaced
in the composite to help reduce longitudinal fracture.

After the composites were fabricated, it was necessary to coat them with
a continuous layer of PCL. However, we first had to cut the plates to their
final 2-in. length and drill the holes for the bone screws. Because nicks and
cuts in the outer coating (such as those created by drill holes) would expose
fiber ends and allow fluid absorption, the coating had to be applied after the
plates were cut and the holes were drilled. This meant that the coating
process had to be able to coat the interior of the drill holes. Previously we
had used a hot-film-coating technique, but this technique did not continuously
coat recessed surfaces (such as drill holes). Therefore, we developed a
fluidized-bed coating process so all of the exposed surfaces would be covered.
This process involved dipping a warmed composite plate into a fluidized bed of
the fine PCL particles, where the particles then clung to all surfaces of the
composite. Once they were coated with powdered PCL, the samples were then
placed in an oven to allow the PCL to completely melt. Once the coating
completely melted, the PCL was allowed to recrystallize, and the screw holes
that had been over-drilled were sized. These plates were then delivered to
Dr. D.E. Bach USAIDR, who was to repair mandibular fractures in canines with
these plates.

19. Evaluation of composite plates

Replicate plates were prepared by the method described in the previous
section for testing in vitro. Our standard three-point bending evaluation was
performed after one, two, and four weeks in 37 °C PBS. These composite plates
were tested under three different configurations: uncoated and cut mini
plates (1.5 x 0.25 x 0.125 in.), PCL-coated mini plates, and implant-size
plates (2 x 0.5 x 0.125 in.) that had screw holes drilled before they were
coated with PCL. We had previously shown that nicks and cuts such as drill
holes provide a pathway for moisture to travel into the composite, which
destroyed the fiber/polymer interface and rapidly weakened the composite
plate. Therefore, the evaluation of these three groups of plates provided a
complete degradation profile ranging from small plates that were severely cut
to implant-size plates coated with PCL. It also allowed us to directly
compare strength loss profiles in vitro to plates we had previously prepared
and evaluated.
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In Figures 53 and 54, we have illustrated the changes in average flexural
modulus and strength of the coated mini and coated implant-size plates after
incubation in 37 *C phosphate-buffered saline for zero, two, and four weeks.
From these two figures, we see that the coated mini and implant-size plates
initially weakened at similar rates. After four weeks in saline, the loss of
flexural properties was practically the same (approximately 45%) for both
groups.

The initial flexural properties of these uncoated mini plates were
similar but greater than those obtained previously (Figures 44 and 45). This
increase was probably due to the tedious fabrication procedures used to
prepare the plates and occurred although there were two cross-ply laminates.
The application of the PCL outer coating had little if any influence on the
initial flexural properties. The primary difference in the response of
flexural properties to incubation in saline of these two groups of plates
(Figures 53 and 54 versus Figures 44 and 45) is the rate of flexural strength
and modulus loss. As shown in Figures 44 and 45, the drop in the flexural
properties of uncoated plates over a one- to two-week period can be up to 90%
of the original values. This was not the case, however, with these PCL-coated
plates. Over a four-week period in saline, the plates gradually weakened and
became more compliant and retained greater than 50% of their flexural strength
and modulus. This enhanced strength retention after incubation in saline was
not due to the mechanical strength of the PCL, but rather was a result of its
relatively low fluid transmission properties. Although the coating turned out
to be thicker than we would have liked for it to be, the advantages it offers
in protecting the plates from fluid infiltration are obvious when comparing
the durability of coated versus uncoated plates.

The data in Figures 53 and 54 also compare the decay of flexural proper-
ties of replicate plates prepared like those supplied to USAIDR. The primary
difference between the coated mini plates and coated implant-size plates were
their size, and the implant-size plates had four drill holes. Stress calcula-
tions were based on the original dimensions of the plate but did not account
for the change in cross-sectional area due to the drill holes. Thus, we
expected that these drilled plates were somewhat weaker. Nevertheless, these
studies showed that the plates to be used by USAIDR in the canine studies were
strong and rigid and weakened at a rate commensurate with the bone's ability
to heal and begin bearing loads.

20. Preparation of biodegradable bone-plate fixation screws

To prepare a totally resorbable fixation device, the attachment method
must also be resorbable. In an effort to make our device totally resorbable
we examined the use of resorbable fixation screws. Therefore, L-PLA rods,
5.6-mm diameter, were prepared and shipped to Dr. D. E. Bach, USAIDR, for
machining into biodegradable bone screws. These screws were to be evaluated
with some of the coated L-PLA plates during the studies with canine
mandibles.
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IV. CONCLUSIONS AND RECOMMENDATIONS

The goal of this project was to develop a biodegradable material capable
of withstanding loads equivalent to that of bone initially, and gradually
lose its integrity. The result should be that as the bone heals, it sustains
the increasing loads, leading to more rapid healing and the development of
healthier bone. Initial attempts to prepare these plates from biodegradable
polymers were unsuccessful due to low flexural properties. We discovered that
reinforcing the polymers with fibers of nonbiodegradable ceramics provided the
necessary strength and modulus. Attempts to prepare the plates from
biodegradable ceramic fiber were unsuccessful because of the low strengths
obtained from the poor fiber quality of the ceramic. Evaluation of
biodegradable glass fiber as a reinforcing material proved to be the best
choice. This calcium metaphosphate glass not only produced high quality and
high strength fiber but resorbable bone plates reinforced with this fiber were
produced with initial strengths and moduli greater than that of normal healthy
bone. Unfortunately, when these composite plates were placed in a fluid
environment (in vitro or in vivo), they lost their strength at a rate faster
than the rate perceived to be required clinically. In our efforts to more
fully understand the causes behind this rapid decline in mechanical strength,
we found that the fluids diffusing into the composite through the
biodegradable matrix itself or along exposed reinforcing fiber ends quickly
destroyed the polymer/fiber interface. This resulted in a greatly weakened
structure although there was minimal chemical degradation or mass loss.
Because we felt the composite plates had adequate initial strengths, we turned
our efforts toward examining ways to slow the rate of mechanical degread-tion
without affecting the composite's initial strength and modulus. These
investigations involved examining other biodegradable polymers as matrix
materials, the use of commercial sizing agents and other materials as coatings
for the reinforcing fibers and as outer coatings for the composite, and
variations in the fabrication technique dictated by the selection of matrix
polymer and reinforcing fibers. The composite system that showed the most
promise consisted of a high-molecular-weight (high-MW) L-PLA matrix reinforced
with 35% small-diameter CMP fibers and coated with a continuous layer of PCL.

High-MW L-PLA was chosen as the matrix polymer because it gave a steadier
time/strength profile in saline than lower-MW L-PLA and other biodegradable
polymers tested. This was probably due to the low fraction of amorphous
material in the L-PLA, which is where moisture first enters the polymer.
However, high-MW L-PLA also had relatively poor melt-viscosity flow proper-
ties, which made its use in the fabrication of composites difficult. This
fact, coupled with the use of smaller-diamter CMP fibers, forced us to adopt a
tedious and time-consuming composite fabrication process. Nonetheless, we
cho-e to use high-MW L-PLA as the polymer matrix in the resorbable composite
pla_.s to be used to repair mandibular fractures in dogs because of its
ability to protect the CMP fibers in a fluid environment.

We independently showed that composite fabrication techniques using
either a greater number of thinner laminates, laminates containing solvent-
bonded CMP fibers, or matrix polymer in the form of powder all improved the
mechanical properties of resorbable composites. They also, to some degree,
slowed the rate of mechanical degradation of composites that had been placed
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in saline. The reasons for the improvement in strength and durability
probably relate to superior contact between the polymer matrix and the rein-
forcing fibers. Because each of these three improvements independently
improved the performance of composites, we incorporated them into the bone
plate we prepared to be used by the Army for repairing mandibular fractures in
dogs. In vitro analysis of replicate plates showed that sufficient strength
and modulus were maintained for a period equivalent to that required for the
bone to heal and begin bearing load. Although these studies were conducted in
vitro, we believe that similar results would have been obtained in vivo.

We had planned to test and evaluate the retrieved biodegradable composite
plates being used in the canine implant study and to complete modifications on
our CMP fiber-drawing unit prior to the scheduled end of the contract. How-
ever, the plates were not implanted and therefore were not available for
evaluation. The evaluation of retrieved biodegradable plates would have
provided a comparison between the results of in vivo tests to our large data
base of in vitro evaluations.

Our technical efforts on this project ceased as of April 21, 1988, the
contract completion date. A proposal for the extension of this contract or
the award of a new contract was submitted to the Army in 1987. This proposal
described our proposed efforts to develop an improved biodegradable composite
material using a new polymeric system. The primary deficiencies in our cur-
rent technology were the inability of the fixation appliance to be conformed
to the contour of the mandible at the time of surgery and the inherent
strength-loss properties (due to water absorption) of the lactide matrix
polymer. Successful completion of the proposed efforts would eliminate both
of these problems. However, USAIDR has decided not to proceed with further
research into this area.
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is quite evident wth the more porous ceramics and
M[ErHOD OF PRODUCING BIODEGRADABLE leads to poor durability of ceramic implants and fixaion
PROSTHUMIS AND PRODUTrS THEREFROM devices. On thp other hand. polymeric materials pro-

vide excellent impact stren good biocompatbility,
The government has rights in this invention pursuant 5 and they are esily molded to the desired shape; how-

to contract DAMDI7-78-8059 awarded by the U.S. ever, they do not posesa the required strength and
Army Institute of Dental Research. U.S. Army Medical stiffnes for bone fixation.
Research and Development Command. Those materials and many of the prior art materials

suffer from the common drawback of being permanent.
BACKGROUND OF THE INVENTION 10 In many applications, such as a fixation appliance hold-

The need for improved methods and materials to ing a fracture together while it heals, it is highly desir-
manage severe L- axillofacial injuries is well recognized. able if the implant can be resorbed by the body. Such an
In such cames, the surgeon faces the dual problem of implant would biodegrade over a period of weeks or
restoring function and appearance. The patient suffer- years, and be gradually replaced by natural bone
ing from an extensive maxillofacial injury is typically 15 growth. Such materials eliminate the need for a second
confronted with disfigurement, impaired speech, and surgery to remove the implant. However, homogenous
eating difficulties as well as the psychological trauma fixation plates previously fabricated from biodegradable
resulting from the injury. polymers have been shown to possess insufficient

Ideally, fixation applicances should maintain the frac- strength and rigidity for initial fracture fixation. Porous
tured bone segments in close approximation for the 20 resorbable ceramics have also been used in bone repair,
promotion of primary union and healing, provide suffi- but they must be used in conjunction with other support
cient strength and rigidity to prevent disruption of the because of their fragile nature.
primary union by external forces, and as the union be- The prior art includes U.S. Pat. No. 3,929,971 which
comes further ossified, transfer an increasing proportion discloses a synthetic material (either hydroxapatite or
of the external load to the healing bone so that it will be 25 whitlockite) that may be used with other materials, such
strained and exercised. The fulfillment of these criteria as organic polymers, to form a composite substance
is necessary for the formation of healthy, hard tissue which could be useful in constructing a degradable
that has properties commensurate with those of virgin prosthetic implant; U.S. Pat. No. 3,905,047 which dis-
bone. closes a biodegradable prosthesis containing an eutectic

Implant materials used for such injuries over the 30 or metal pyrophosphate and high-modulus fibers
years belong to three traditional classes: metals, ceram- formed of a refractory metal oxide; U.S. Pat. No.
ics, and polymers. The choice of material for the partic- 4,330,514 is directed to a process for preparing a hy-
ular application depends on the type and magnitude of droxyapatite ceramic which is used in a nondegradable
applied loads which the implant is expected to experi- implant comprising the ceramic and an organic binding
ence in vivo and whether the implant is to be a perma- 35 material; and U.S. Pat. No. 4,356,572 which is directed
nent or a temporary augmentation. When trying to to a porous biodegradable bone implant which utilizes
make repairs to the skeletal system, surgeons and engi- calcium carbonate in crystalline form.
neers must attempt to replicate the static and dynamic SUMMARY OF THE INVENTON
responses of bone. Bone consists of a framework of
collagenous fibers, a mineral matrix consisting primarily 40 The disadvantages of the prior art are overcome by
of calcium hydroxyapatite, and a small amount of poly- the present invention comprising biodegradable, high-
saccharides. Although bone is stronger and less deform- strength, rigid fixation systems formed of composites of
able than polymeric materials, it is weaker than metals, biodegradable poymers reinforced with resorbable
Historically, metals have received wide application for fibers, particularly calcium phosphate fibers; the degra-
the construction of devices for fixing fractures. Metals 45 dation products of the composites of the present inven-
exhibit high values of tensile strength and compressive tion are nontoxic and harmless to the host. The pre-
modulus; they can be fabricated into fixation hardware ferred polymers include polyglycolide (PGA), po-
by a variety of conventional techniques; and they pro- ly(DL-lactide) (DL-PLA), poly(DL-lactide-co-glyco-
vide excellent resistance to the in vivo environment. lide) (DL-PLG), poly(L-lactide) (L-PLA), poly(L-lac-
Metals and alloys now used as surgical implants include 50 tide-co-glycolide) (L-PLG), polycaprolactone 1,PCL),
316 stainless steel, several cobalt-chromium alloys, tita- polydioxanone, polyesteramides, copolyoxalates and
mum, zirconium alloys and tantalum. the polycarbonates because of their degradation times

In mandibular fracture repair, one of the major disad- and their degree of control of degradation.
vantages with metal implants is atrophy of the healing The reinforcing fibers include the ceramic or the
bone as a result of the stress-protection effect of the 55 preferred glass forms of calcium phosphate. The ce-
rigid metal plate. Other drawbacks with metal fixation ramic fibers include those comprising 0-tricalcium
appliances are that they may cause local inflamation and phosphate. These fibers may be prepared by wet-spin-
may corrode with age. nmg mixtures of the powders with different polymeric

Among the metallic materials, tantalum is superior in binders, such as polyacrylonitrite (PAN-A), and sol-
resistance to corrosion and has been extensively em- 60 vents, such as dimethyl sulfoxide (DMSO). Ceramic
ployed as fixation plates for fractured bones and as loading, oxidative pretreatment, coupling agents and
implants. The metal is, however, difficult to process. In sintering conditions affect spinnability and fiber proper-
contrast, ceramic materials show good alTiity to bones ties. Fibers of phosphate-free calcium aluminate (CaAI)
often with bone tissut penetrating into the fine pores of produced by the same process may also be used al-
the ceramic to produce a strong fixation. Bone and 65 though the resulting fibers are fragile and may fracture
tissue compatibility with ceramics is excellent. The easily.
main disadvantage of ceramic materials is their poor Due to the highly porous and fragile nature of the
impact strength as they are often brittle. This condition fibers produced from the ceranuc powders, the pre-
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frred fibers of the prest invention are g 4657 fibe 7 7 hous the compact clay-like cake is dried intact at

Smooth, uniform fibers of calcium metaphosphate [Ca(- 90* C. for 15 hours to produce directly the green state.
PO,):J(CMP), a bionsorbable gla, may be prepared Sintering conditions, of course, may vary with the
by extriding or pulling filamenta from a melt and air material and the phase or phases deired in the final
quenching. Fibers can also be prepared by the same 5 product. For the production of A-Whitlockite, the
F from A Partially biolborbable glM composed green cake may be placed on an alumina dish and mi-
of a mixture of silicon dioxide, sodium oxide, calcium tially heated to 600" C. over 0.5 hour The temperature
oxide and phosphorous pentoxide. is then raied quickly to 1150" C., the cake is sntered

It ia preferred to use continuous filament fibers so that isothermally at 1150 C. for 1 hour, the temperature is
a high ratio of length to cros sectional area is obtained, 10 reduced to 9Wo C., and the ceramic is cured at 900 C.
the length to diameter or aspect ratio ranging from 10- 1 for 4 houm.
to 1,000,000:1. Calcium alumimate is another resorbable ceramic

DETAILED DESCRIPTION OF THE material. Calcium aluminate of a 50:50 Ca/Al wt %
ILLUSTRATIVE EMBODIMENT 15 composition [CaAh0'] (CaAl) was 60% reorbed after

The pressnt invention relates to the incorporation of one year implantation in monkeys. The Ca/Al ratio can

high-strength, high-modulus, biodegradable fibers on be varied to produce several combinations of crystallo-

biodegradable polymers to form totally absorbable frac- graphic phases and the various phases hydrolyze at

ture-fixation plates or devices. The use of two bioab. ~varying rates providing a method for controlling the

sorbable ceramic powder., -TCP and CaAl, and a rate of ceramic dissolution. CaAI can be purchaed

bicabsorbable glass, CMP, is described. from Pfaltz & Bauer, Inc., Samford, CT consisting of
CAAJ 204 with quantities of A120 3 and Ca&2AJ140f as

(A.) impurities.

Preparation of Ceramic Materials 25 (B.)
Bone contains a matrix of calcium hydroxyapatite, a Preparation of Fine-Particle Sized Ceramic Powder

remorbable ceramic material, in callagen. The calcium
hydroxyapatite provides rigidity and the same material, To prepare reinforcing ceamic fibers, especially
when incorporated into biodegradable polymers, with small diameters, it is necessary that the ceramic
should provide the necessary reinforcement for use as 30 materina consist of small paricles. The small particles
fixation plates or devices. A variety of ceramic forms of allow the extrusion of small-diameter ceramic filaments,
hydroxyapatite [Calo(PO4)6(OH)1 and tricalcium phos- and the finer particle size results in greater densification
phate [CA3(PO4)2] have been reported in the literature. on sintering. Greater densification and the associated
Recent evidence indicates that ceramic forms of hy- reduction in void volume of formed articles produces
droxyapatite are inert as implant materials while whose 35 ceramic products, whether in pellet, rod or fiber form,
of tricalcium phosphate (Whitlockite) are bioabsorba- with greater strength and structural rigidity. In addi-
ble. The strength, durability, and absorption kinetics of ion, the breaking strength of sintered ceramic fibers is
tricalcium phosphate ceramics depend on the phasic usually inversely proportional to the diameter of the
nature of the final product, the lattice structure of the 40 fiber-, thus, the smaller the fiber, the stronger it is per
phases present, and the porosity and total surface area. unit size. The same relationship has been found with
Preparation of a calcium phosphate ceramic of high sintered TCP fibers.
purity and single-phase nature is accomplished by the One method to reduce the ceramic powder to small
precipitation method of Salsbury and Doremus for pro- particles is the use of a Megapack high-energy vibratory
duction of j-Whitlockite (fl-TCP), as follows: 45 mill. The system employs the use of small-diameter steel

A solution of calcium nitrate (1.40 moles) in 900 mL balls vibrating at high frequencies for grinding of ce-
of distilled water is brought to pHI I to 12 with concen- ramic powders. The procedure used to grind ceramic
trated ammonium hydroxide and thereafter diluted to samples to fine particle sizes with this mill is as follows:
1800 mL. A solution of ammonium phosphate (1.00 A slurry of TCP (or phosphate-free CaAI) in water was
moles) in 1500 mL distilled water is brought to pH I Ito 50 added to the vibratory mill, and the mill was activated
12 with concentrated ammonium hydroxide and there- and allowed to run for 4 hor. During that time, sam-
after diluted to 3200 mL to dissolve the resulting precip- pls were taken at periodic intervals and examined by
itate. The pH is again checked and additional concen- pla eetn atprodc inea andetamine by
trated ammonium hydroxide is added if necesary. scanning electron microscopy (SEM) to determine par-

The calcium solution is vigorously stirred at room 55 tie-size range. A milling time of 4 hours was found to
temperature, and the phosphate solution is added in be sufficient to yield particles in the I- to 2-grm range.
drops over 30 to 40 minutes to produce a milky, some- At the end of that time, the slurry was removed from
what gelatinous precipitate which is then stirred over- the mill and centrifuged for 30 minutes at 100 g. The
night (more than 12 hours). The reaction mixture is then supernatant was decanted and dimethyl acetamide was
centrifuged, and the clear supernatant fluid decanted. 60 added to the centrifuge bottle;, the contents %1 -re then
The resulting mineral sludge is homogeneously resus- agitated to resuspend the compacted ceramic powder.
pended in distilled water to serve as a feedstock. This process was repeated several times until all of the

To produce green states which should afford 100% water was replaced by dimethyl acetamide.
fl-Whitlockite reramics, aliquots of the feedstock are The vibratory milling technique allowed preparation
recentrifuged, homogeneously suspended in two vol- 65 of slurries of ceramic powder in the appropnate poly-
umes of dilute aqueous ammonium sulfate (I to 2%) and mer solvent both effectively and efficiently. Ceramic
then Filtered on a Buchner funnel with application of particles in this size range were appropriate for use in
mild suction and a rubber dam. After filtration for sev- the wet-spinning of fre diameter filaments.
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ning dope. TCP was mixed with a solution of PAN-A in
(C.) DMSO to make up the spinning composition. Care was

Wet-Spinning of Ceramic Fibers Using Polymeric taken to remove any entrapped air bubbles. The final
Binders spinning dope consisted of 7.4% TCP, 1.8% PAN-A.

Of the number of methods for use in the production I and 90.8% DMSO on a weight basis.

of ceramic fibers examined, fiber production by wet- Fibers were prepared by wet extrumsion using a hypo-

spining appears to be the most successful method. dermic syringe and hypodermic needles of various size.

Simplisticay speaking, fiber production by wet-spin- The needles ranged from 13 G (1.37 mm ID) to 27 G

rung involves extruding a mixture of ceramic powder, (0.2 mm ID). Distilled water at room temperature was
binder (PAN-A), and solvent (DMSO) into a trough or 10 used as the coagulating medium. The spinning dope was
bath containing a non-solvent for the binder. During loaded into the syringe barrel, and the tip of the needle
extruion into the non-solvent bath, the mixture coagu- was placed below the surface of the coagulating fluid.
l to form a fiber or filament. For success in making Pressure was applied until a bead of coagulum formed
fibers by wet spinning, the solvent for the binder must at the needle's tip. The bead was grasped with a pair of
be soluble in the coagulating bath, which must be a 15 tweezers and presmure was reapplied to the syringe
non-solvent for the binder. barrel. Fibers were extruded for the length of the coag-

The fibers or filaments are subsequently drawn from uating bat. Fibers prepared using the smaller diameter
the coagulating bath using a series of water-flushed, needles were considerably more difficult to extrude
heated godes to rinse and evv,,orate the remaining than fibers prepared using the larger needles. The ex-
solvent. After passing through the rinsing and drying 20 truded fibers were removed tfom the coagulating bath
system the fibers are taken up on a winding reel. The and placed in another water bath and allowed to soak to
collected fibers are then soaked in distilled water to remove solvent. After soaking for a sufficient time, the
asure complete solvent removal and are, thereafter, fibers were removed from the bath with tweezers and
dried in an air-circulating oven to produce the final placed on Teflon sheeting to dry in air overnight. The
dried fiber. For the production of fibers from both 25 smaller fibers were easier to handle and exhibited more
O-TCP and phosphate-free CaAl, it is necessary to smi- structural integrity. This was probably due to a higher
ter the dried fibers in an inert atmosphere (nitrogen) residual solvent content in the larger fibers.
maintained above 1150' C. to achieve coalesence and O-TCP fibers were also prepared on wet-spinning
densification of the ceramic particles.
1. Polymeric Binders 3 equpment designed for production of rayon fibers A

As a consequence of the elevated tem e re- spinning dope consisting of 10% -TCP, 15% Barex

quired for proper sintering of both 0-TCP and phos- 210 acrylic polymer, and 75% N,N-dimethylacetamide

phae-free CA polymeric binders with superior ther- was loaded into a cylindrical, stainless steel feed pot.

mal stability are required for use in the wet-spinning The feed pot was pressurized with compressed air (20

procein. Although no resin yet produced is capable of 35 psi), and the spinning dope was forced from the feed pot

withstanding these temperatures, three highly ther- through stainless steel tubing (0.25-in.-OD, type 304) to

mally stable resins were examined to see if they might a Zenith gear pump driven by a Zenith Model QM
effectively bind the ceramic powders together in fiber drive motor. The Zenith pump delivered the spinning
form until preliminary sintering (lower temperature) dope (at 0.29 cm 3 per revolution; 1.45 cm 3/min) to a
was achieved. These binders were Barex 210 (Vistron 40 spinneret with an orafice diameter of 0.020 in. The spin-
Corp., Chemicals Division, Cleveland, OH), a terpoly- neret was submerged in a water bath. As the spinning
mer mostly composed of acrylonitrile-, Polyacrylonitrile dope came in contact with the water, it coagulated to
Type A (PAN-A) (Du Pont, Wilmington, DE); and form a fiber. After traversing the coagulation bath (18
Ethocel # I Standard (Dow Chemical Co., Midland, in.), the fiber was taken up by the first godet. This godet
Ml), an ethylcellulose material. 45 (80 ft/min surface speed; 107" F.) was equipped with a

The thermal stability of PAN-A and, hence, the spun tap water spray to remove solvent from the fiber. The
fiber, may be enhanced by subjecting the material to an fiber was then taken up on a second heated godet (84
oxidative pretreatment. The pretreatment improves ft/min surface speed; 97' F.) and rinsed with a warm
thermal stability by forming a ladder polymer. Ethyl water spray. The fiber was passed around a third heated
cellulose offered similar thermal stability without the 50 godet (87 ft/min surface speed; 105" F.) and collected
necesity of a pretreatment step, although the fibers on a Leesona Model 955 take-up winder.
prepared with ethyl cellulose are inferior to those with The fibers were then subjected to oxidative pretreat-
PAN-A as a binder. ment to promote the formation of a ladder polymer and
2. Dispersing agents enhance the thermal stability of the binder matrix. Pre-

In wet spinning of ceramic fibers, dispersing agents 55 treatment was accomplished by placing the fibers in an
are often used to prevent clumping of the ceramic parti- air-circulating oven maintained at 200* C. for 30 mm-
cles and plugging of the in-line filter screen. Nuosperse, utes. Pyrex test tubes were used to contain the fibers
obtained from Tenneco Chemicals (Piscataway, NJ) is during the pretreatment process. The fibers changed
more compatible with the spinning solvent, DMSO, from white to tan during pretreatment.
than Tamol 960 and Tamol SN from Rohm and Haas 60 After pretreatment, the fibers were sintered in a Lind-
(Philadelphia, PA). It was successful in preventing berg Hevi-Duty SB oven. The oven was maintained at
clumping of the ceramic particles, and its addition to the 1200" C. and purged with nitrogen for the duration of
spinning dope improved the spinnability of the ceramic the sintering cycle. The sintered fibers were light yel-
"aterias. low. After sintering, some of the fibers shrank to less
3. O-TCP fibers 65 than 40% of their original diameter.

TCP powder prepared as described previously was The fibers were tested for breaking strength on an
wet sieved using No. 60 (250-pm) and No. 140(160-tim) Instron Model TMS Serial 72 testing machine. The
sieves. The fine particle cut was used to make the spin- fibers were prepared for testing by mounting on card-
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board tabs. The finest fiber, were attached to the tfoumndt. When the fiber; were removed from the oven.

with parsan, and the larger fibers were attached with they were found to be extremely fragile.
selin wax. Samples were pulled at a rate of I in./min.
until fracture occurred and the force at break was deter- (D.)

mined. After being tested, the samples were removed 5 Fiber Production From Biodegradable Ohtes
from the Instron, the diametw at the fracture point was
determined with a micrometer and used tocalcnlate th Although sntering of ceramic particles produces

breaking s-zength in ternms of force per unit area. The bsoabsorbable ceramic fibers, the voids still present in

fracture surfaces were then examined by SEM. The test the fibers cause them to be somewhat fragile and weak.

results are presente in the following table: 10 A void-free ceramic fiber produced by melting and
extrusion of a bioabsorbable gims gives a stronger and
more durable fiber for use in polymer reinforcement.

BREAKIG SR TH O Glasses are converted to fibers by drawing fibers from
AT ALm I PHOSPHAE FIBER hot melts. The high surface tension and slow rate of

--- Is change of viscosity with temperature of melted glass
169 tpermits formation of stable meniscuses and enables fi-

0.506 353 ben to be formed and drawn from a suitable crucible
0.356 69 after the natural flow of molten glass downward by0.124 419

.122 477 gravity. Both marble melt and direct melt processes are

0.074 1M7 20 used to produce glass fibers.
1. Bioglas fibers

There is a dramatic effect of fiber diameter on tensile Bioglas is a partially biodegradable glass composed

strength. As fiber diameter decreases, the strength in- of 45% silicon dioxide, and various metallic oxides

creases. Such behavior is commonly found in the prepa- (sodium oxide. calcium oxide and phosphorous pentox-

ration of ceramic fibers. Results shown in the table 25 ide). Only the silicon dioxide portion of the glass is

reflect the average of test results for five specimens of nOn-absorable.
each fiber diameter. One sample of the smallest diame- Fibers were prepared from the Bioglass by heating
ter fiber had a tensile strength of 2500 psi. SEM photos the material in a crucible until it became molten (900"
showed voids and irregularities at the fracture surface C.) and withdrawing filaments with a stainless steel rod.
of all specimens. In general, larger voids were associ. 30 Fibers were produced by this procedure, but there was
ated with lower breaking strength, reflecting the stress- considerable variation in both fiber diameter from sam-
concentrating effects of the irregularities. pie to sample and uniformity of diameter throughout
4. CaA fibers the length of a given sample. Samples of the glass fibers

Fibers of phosphate-free calcium aluminate were were mounted and tested in the same manner as the
prepared following the procedures used for 6_TCP 31 ceramic fibers. Breaking strength of the glass fibers
fiber production and using the same solvent and binder. varied from 9000 to 50,000 psi. This variation was to be
After sintering, the fibers were quite fragile, expected in view of the lack of uniformity from one

Calcium aluminate (Pfaltz & Bauer, Inc., Stamford, sample to the next. However, the formation of fibers
CT) was used to prepare the fibers. X-ray diffraction with high tensile strengths was evident
analysis revealed that the powder consisted of CaA20 4 4 Fibers prepared in the fashion described above were
but also contained significant amounts of A203 and tested for bioabsorption. Samples of the fibers were cut
Ca12Al 4O2 2. The CaAI was dry sieved through a No. into 2-in. lengths for breaking-strength determination,
100 sieve (150-Iam) to break up any clumps and remove and the 2-in. lengths were weighed. Some fibers were
any large particles, mounted and broken to determine initial breaking

The spinning dope had a ceramic-to-binder ratio of 4 strength. Their average initial breaking strength was
80.20 and consisted by weight of 25% CaAI, 6% PAN- about 45 (00 psi, and their average diameter was 0.026
A. and 69% DMSO. Fibers were extruded from a hypo- mn. Th. -emaining fibers were placed in phosphate-
dermic syringe and needle, as were the TCP fibers. buffered saline t a pH of 7.2 in a 37" C. oven for 18
Needle sizes 15 G through 25 G were used to form b7
fiber. The 27 G needle proved to be too fine for the 5 days. The fibers were then removed from the saline,
CaA dope. The fibers were coagulated in a tap-water dried, reweighed, and broken to determine final break-
bath at ambient temperatures. The coagulated fibers ing strength. Their average weight loss was about 5%,
were quite rigid and easier to handle than the TCP and their average breaking strength was less than 200
fibers at this stage. CaAI fibers were also prepared by ps.
the pilot-scale equipment used for the 6-TCP fiber pro- 55 2. CMP fibers
duction. A 70:30 by wt blend of CaAI and Barex 210 in CMP is known as a hydrolytically unstable glass.
a suspension in N,N-dimethylacetamide was extruded at Consisting of calcium and phosphorous, it degrades
a rate of 1.75 cm3/min into tap water at 70" F. The first within the body to harmless components of normal
and second godets were operating at a speed of 94 body fluid. CMP, however, must be properly purified
ft/mm and the third godet at a speed of 96 ft/min. The 60 before it can be spun into fibers for use in reinforcing
temperatures were 110, 115, and 115" F. for the three biodegradable polymers. Following the procedure
godets respectively. The fibers were dried at ambient given in U.S. Pat. No. 4,049,779, CMP of sufficient
conditions overnight. Oxidative pretreatment was per- purity for fiber formation is obtained. One liter of a
formed in a circulating-air oven at 200' C. for 30 rmn- 3-molar solution of phosphoric acid was prepared. One
utes. Prior to oxidation the fibers were white. After 65 hundred grams of CaCo 3 was then slowly dissolved in
oxidation the fibers turned brown. The fibers were then the acid solution. Impurities were removed by precipi-
placed in an oven under a nitrogen purge, heated at tating with 2.5 g of ammonium I-pyrrolidine dithiocar.
1200' C., held for 1 hour, and allowed to cool over- bamate dissolved in 50 mL of water. The resulting grey
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preipie was then removed by fltration. 1w super- -continued
natant was concentrated by evaporation, and the pure
CP was precipitated. The precipitate was filtered and Dqrmdat io

washed with acetone to remove any residual phos- PoIym Months

phoric acid. The white material was then placed in an s 7s P DL-1" SI-oo- O

alumina dish and baked in an oven at 600 C. for 24 90:10 Po1YDL d- Iyeo dt.) 2
hours, 800" C. for 72 hours, and cooled slowly to room 730 Poly(Da p 6
temperature. The baking steps allow the CMP salt to be 50 P Dt(DL deapeoa cme) 2
chemically condensed and polymerized to produce the PoIYdim3eO 12
CMP slaw 1 Pol0mMMOMM 4-12

Cop0o1YOU1131 4-12
The resulting grey, foamed, brick-like substance is Polyctu, f 2-12

then placed in an alumina or platinum crucible, heated PolyWutamc-co--ucie) 24-48
in an oven at 600' C. for 2 hours, at 800" C. for 16 hours,
and at 1000" C. for 2 hours, after which time the crui- The preferred polymers are the poly(DL-lactide-co-
ble is removed from the oven and transferred to the is g1yolide) materials because of the degradationt
fiber-drawing apparatus. Is equipment consists of an and their degree of control of degradatione poly(L-oxygen/natural gas heating source for the crucible and lactideicdglycolide) ntero not mentioned in the
a 3.75 in. -OD stainless steel take-up spool for drawing table should give similar results. Poly(DL-lactide) is
the fibers The speed of the spool can be controlled to also preferred as are the polydioxanone, polyestera-
produce fibers with the desired diameters. A typical 2) mides, copolyoulat and the polycarbonates. Polyca-
draw speed of 7.2 in./sec. is used. The spool is also prolactone, poly(L-iactide), and the poly(glutamic-co-
heated with a natural gas flame. By inserting the tip of leucine) are less preferred because of their long degra-
a stainless steel rod into the molten glass, a fiber can be dation times.
drawn from the melt and passed around the take-up With a composite formed from a biodegradable poly-
spooL If the melt is maintained at the proper tempera- 25 mer and resorbable fibers, the strength decreases with
ture (ml000 C.), a very fine glass fiber can be wound on resorption time within the body. This decres i
the take-up spool. The resulting fibers have good strength is important because the fixation plate transfers
strength and uniformity. A typical fiber has a tensile the load with time to the healing bone and prevents
strength of approximately 51,000-1 10,000 psi, an initialmodulus of 5x 10' psi, a diameter of about S mis, and a 30 stress protection atrophy. The loss of strength of the
de sty of2.67g/cm 3. These properties are comparable polymer plates reinforced with biodegradable fibersdesit oofm 267 bes propwill depend primarily upon the degradation rate of the
to comercial glass fibers. b polymer because the polymer completely encases the

In vitro studies of the CMP fibers in 0.9% USP saline flr.Tedgaainrt fteplmrcmtiat 37" C. show the fiber begins to dissolve from the fibers. The degradation rate of the polymeric matrixsurface after only 10 days, and they are completely 3S depends upon the type of polymer used. It should be
dsslced after 3n0 days anoted that the degradation times set forth above are fordissolved ar 30 days. complete disappearance from the polymer. The time for

(D.) strength loss in the composite will be considerably less
Biodegradable Composites and can be approximated as one half the total polymer

40 degradation time. Composites which lose their strength
For the high-strength, high-modulus, bioabsorbable in one month will be useful as well as those that last up

ceramic or glass fibers to be useful, they must be incor- to about one year. The preferred times will be three to
porated into a biodegradable polymer matrix. The ma- six months. It should also be noted that the biodegrada-
rix protects the fibers from abrasion and breakage, and tion times of the polymers and the corresponding

they provide a structure for bone-fixation plates. The 45 strength losses of the composites will depend upon
fibers in return provide the structural rigidity needed polymer molecular weights. The values given in the
for the polymer plate or device to maintain support. table are for normal molecular weights. Higher molecu-
1. Biodegradable Polymers lar weight polymers will last longer and those lower in

The following polymers (with their approximate molecular weight will degrade faster. The degradation
degradation times) are all candidates for the biodegrad- 50 rate of the polymer can be changed by control of molec-
able composite of the present invention. These poly- ular weight, by the type of biodegradable polymer, and
mers are all biodegradable to water-soluble, nontoxic by controlling the ratio of lactide to glycolide in co-
materials which can be eliminated from the body. All polymers.
are well known for use in humans and their safety has 2. Reinforcing Fibers
been demonstrated and approved by the FDA. Al- 55 The term "fiber" as used herein is defined as any
though these polymers are normally linear, crosslinked material that has a high ratio of length to cross sectional
resins can be prepared from these materials by those area with minimums suggested as 10:1 to 100:1, and a
skilled in the art, and these materials are also included as maximum cross sectional area of 7.83 x O-0 5in.2 and a
suitable biodegradable polymer matrices, maximum transverse dimension of 0.010 in. With con-

60 tinuous filament fibers which are preferred, the length

T rune to diameter (aspect ratio) is maximized to give the best
Poly a Monta reinforcement. However, the composites can be made
Polyawpobamm 24-36 with chopped or shorter lengths of fibers. With these,
Poly(L-acade ) 24 the aspect ratio is lower and the level of reinforcement
Po01yDL-cUtde) 12-18 65 is less. Thus, the aspect ratio can range from 10:1 up to

Pol lc de--O 31- really high numbers such as 1.000,000: 1. The preferred
":3S Poly(DL-1mctde-co- 5lycolide) 12
9010 Poy(DL-tkde-o-gycoide) 10 range is 100: 1 to 1,000,000:1.
55:15 Poly(DL-.actideco-glycolmde) 9 3. Composite Fabric..tion



4,655,77711 12
The fibers can be incorported into the polymer ma- -continued

trices by several methods. In one approwh the fibers
can be chopped into small pieces, mixed with the mol- M"0621 S t Mod" pd
ten polymer, and formed into the desired shape by .ijeS
tics nm compres-ion moldin or extrusion. In 5 P-ro DL-PLA 6.000-10,000 1 X l0

another procedure, the chopped fibers can be mized
with a solution of the polymer and the mixture cat into 4. Solvents for Biodegradable Polymers
a film with evaporation of the solvent. The films can The folowing table sets forth what solven-4s) will
then be laminated or molded to the desired shape. The dissolve the biodegradable polymers useful in the pres-
preferred method, however, is to use continuous iia- 10 ent inventiom
ments of the fiber to provide maximum strength and
regidity. Therefore, the ceramic or glaSs fibers are
wrapped around a Mylar- or Teflon-coated mandril and Polyamu
dipped into or sprayed with a solution of the polymer in PopoIiVCDd) IX00eae

is90, 10 poty(DL-Iactide-o-aprolactone) chloroform. toluea suitable solvent. The solvent is evaporated, and the 73-15 peoWDL) xyte. e-dioz m
dipping or spraying repeated to obtain a composite film 50-50 pyLD-4I-cO.cIIPWxctoue) T1(.
of the desired thickness. The film is then removed from poly(DL-lectde)
the ndil, and pressed und pressure and heat to 95:5 poiyDye- ooide)

90.10 pcIy(DlAMCbd&e.gycoide)provide flat, bubble-free sheets. These sheets are then 20 85:15 poly(DL.Acude-co-glycoide)
laminated with other sheets of the same composition or 5.50 poly(DL-lacde-co-gycoie) HFP
with polymer sheets containing no fibers to produce the (bfluropropanol)
fixation plate. ad HFASH

As an example, films of DL-PLA were prepared from (hexaqu .ahue)
purified polymers having inherent viscosities from 0.58 25 ;oiydi.o t =W
dL/g to 1.27 dL/g measured in chloroform at 30" C. chloroform
Either ceramic or glass fibers are wrapped around a poly-e&-mid creol
Mylar-coated mandril and sprayed with a solution of 'oPy*---, chlorform

polycarbonot katonm, atm andthe same DL-PLA in p-diozane. After the solvent evap- panaly Chlioea-
orates, the spraying is then repeated to obtain a compos- 30 hydrocawbo
ite film of the desired thickness. When the appropriate poly(sutmic-co-leucine) beuzene
thickness is obtained, the film is removed from the mn-
dril, cut, and pressed with a hydraulic press maintained What we claim is:
at 70" C. and 29,000 psi to provide flat, bubble-free 1. A method of producing a totally biodegradable
sheets. These sheets are then laminated with sheets of 35 prosthesis or implant comprising the steps of
the same polymer containing no fibers to produce a (a) encasing an effective amount of fibers selected
plate. Five sheets of fiber-reinforced material are com- from the group consisting of calcium phosphate,
bined with four sheets of polymer. and calcium aluminate in a matrix of a polymer

In another procedure, a hot-pressed film of PLA is selected from the group consisting of polyglyco-
placed in a mold and the film is brushed with solvent 40 lide, poly(DL-lactide), poly(L-lactide), polyca-
until it is tacky. Then a layer of the CMP fiber is placed prolactone, polydioxanone, polyesteramides, copo-
lengthwise along the film taking care not to overlap the lyoxalates, polycarbonate, poly(glutamic-co-leu-
fibers which causes breakage. Additional solvent is then cine) and blends, copolymers and terpolymers
brushed over the fiber and another polymer film is thereof to form a composite, and
placed over the fibers to which it readily adheres. The 45 (b) forming said composite to the desired shape.
top of the new film is then wetted, more CMP fibers 2. A method as defined in claim 1 wherein said cal-
placed onto it, and the process repeated until 6 layers of cium phosphate fibers are comprised of 0-tricalcium
fiber are laminated between 7 layers of film to give a phosphate.
composite with 40% by volume of CMP fiber. The 3. A method as defined in claim 1 wherein said cal-
solvent is allowed to dry completely, and the laminate is cium phosphate fibers are comprised of calcium meta-
heat-pressed at 60" C. and 20,000 psi for 15 minutes. phosphate.
This gives better lamination of the films and removes 4. A method a defined in claim I wherein said effec-
any residual solvent bubbles. tive amount ranges from 10-90% by volume.

The plates produced by this procedure were evalu- 5. A method as defined in claim I wherein said effec-
ated in three-point bending tests (ASTM D790). Flex- tive amount is preferably 30-80% by volume.
ural strengths of 6,000-10,000 psi and flexural moduli of 6. A method as defined in claim I wherein the aspect
about I x 106 psi were found. These compare favorably ratio of said fibers ranges from 10:1 to 1,000,000: 1.
with those values obtained for nonbiodegradable poly- 7. A biodegradable prosthesis or implant, comprising
mer/fiber composites, and they show the improvements 60 (a) a matrix formed from a polymer selected from the
over non-reinforced biodegradable polymer plates. group consisting of polyglycolide, poly(DL-lac-

tide), poly(L-lactide), polycaprolactone, polydiox-
Flexwd FlezurW anone, polyesteramides, copolyoxalates, polycar-

Materas 5th. pa, Modulu. pu bonate, poly(glutamic-co-leucine) and blends, co-
Bone 100011-20,000 1 to 3 x 06 polymers and terpolymers thereof; and
Sted 75.o0 30 x 206 (b) fibers selected from the group consisting of cal-
DL-PLA 200D-4,000 03 1x0' cium phosphate and calcium aluminate incorpo-
Carbon-remfored DL-PLA 20.OC,-40,00 I to 4 x I06 rated within said matrix in an amount ranging from
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10-90% by volume and said fibers having an aspect the group consisting of calcium phosphate and calcium
ratio of 10:1 to 1,000,000:1. alumnate in a matrix of a polymer selected from the

A. A biodegradable prostheeis or implant as defined in group consisting of polyglycolide, poly(DL-lactide),
claim 7 wherein said matrix is a film of said polymer and poly(L-lactide), polycaprolactone, polydioxanone,
said prosthesis or implant comprises a predetermined 5 polyesteramides, copolyoxalats polycarbonate, poly(-
number of alternating layers of said film and said fibers. glutamic-co-leucine) and blends. copolymers and ter-

9. A method of repairing fractured bone segments in polymers thereof.
animals, comprising the step of surgically implanting 11. A totally biodegradable cumposite material for
adjacent sid bone segments a prosthesis or implant prosthetic and implant devices, comprising:
formed of a composite of fibers selected from the group 10 (a) from 10-90% by volume of a reinforcing material
consisting of calcium phosphate and calcium aluminmate, in the form of fibers selected from the group con-
said fibers reinforcing a matrix formed from a polymer sisting of calcium phosphate and calcium alumi-
selected from the group consisting of polyglycolide, nate; and
poly(DL-actide), poly(L-lactide), polycaprolactone, (b) a polymer encasing said reinforcing material, said
polydioxanone, polyesteramides, copolyoxalates, poly- 15 polymer being selected from the group consisting
carbonate, poly(glutamic-co-leucine) and blends, co- of polyglycolide, poly(DL-lactide), poly(L-lac-
polymen and terpolymers thereof. tide), polycaprolactone, polydioxanone, polyester-

10. A method of producing a totally biodegradable amides. copolyoxalates, polycarbonate, poly(-
composite material for prosthetic and implant devices, glutamic-co-leucine) and blends, copolymers and
comprising the step of encasing an effective amount of 20 terpolymers thereof.
a reinforcing material in the form of fibers selected from S *
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* [ those of the prior art are provided. In the formula, M is*JNotice: The portion of the temof this patent

o Sep 0,selected_ from the group consistng of AL Be. M&~ Ca.
.. dsclamed.Sr, Ba, Cd and Zn. and "b" has a value of 3 for Al and

2 for the other cations. The high durabilities of the
* ~ ~[211 AWpL No.: 6K~732 glasses are achieved by controlled preparation of the

[221 Fied- JUL. 10, 1976 precursor compounds in specific stoichiometric propor-
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J crystal1s. Thene crystals are then washed thoroughly in

* *j*PUEFARATION OF POLYNMRC ALKALJE acetone to remove all traces of phosphoric acid and are
EARTH AMAPHOSPIATE GLASSES then dried. The crystals are then placed in a furnace and

SICROSS REFERENCE TO RELTE haoted to came initial polymerization and to form a
not be interrupted at any point before or aft the melt

TU pesen applicationi aS reltd to suibjct matr ho formed. The melt is maintained at a tern, erarture
- disclosed in my pr=o copending applications Ser. No, about 100. C over the minimum temperature required

633,776, Med Nov. 20, 1975 now abandoned, entitled IV form the melt eg, for calcium the temperature is
"Glom Prepaed byteMlg ofStocooetric lo ~ for ~ mn : :

4e m~~~~ntled "Crystaines Salt Monomers for Stable Phos- teodro bu 6hust bu 2 or.Lne

BACKROUN OFTHE NVENIONprductive. At the and of the hold-time, the melt as then
~~~~~~~~~.~~~~~cs and teps omk hspaegm anaceial annealed. For optical quality glass, the melt

stabe to by etho. emloye an he piomust be stirre to ensure homogeneity, eg., stirring by
been largely unsuccessul. Typical of such prior art e~ Sbbln sasitbemto.Teml u
sysm in which phshates are pkryed are those thnbe Caoe in a hot mold to obtain glass completely

poessset forth in U.S. Pat Nos. 2,434,281; re&o ti
2,031,7 , 064,344 and 3485,646. Th p. DESCRIPTION OF THE PREFERRED
util iedIn those patents include P203 or H3P0 4 orEMOIE S
HP4 o mpond which decmpose to the oxie to
farm a compound such an NaPO3 and Al(PO3)3 have One of the major properties adversily affecting the
ado beets prepared from HPO 3 which are then used to commerical usage of the non-silicate glasses is chemical
pt-axe the glass. However, the prior art techniques do 25durability. Chemical durability of a glass is usually de-

* ~not recognize the criticality in obtaining a glam product fined in terms of the rate of chemical etching of the
of desired properties by preparing precursor cam- surface by a liquid such as boiling water. A convenient
pounds, to be melted to form the glass, in essentially reference is the durability or weight loss of plate glass
pure stscicneri monob form prior to inelting 30 (soda lime silicate) an boiling water which is 0.053
the comtpounds. Also, no knn prior art system ap- mg/cm2/hr. I have discovered, for example, that phos-
pears to recognizeP the criticality of reacting the precur- phate glasses prepared according to the present inven-

-sor moanotiasic compounds in a thermal process to oh- dion exhibit marked improvement in chemical durability
tan a melt which is frther reacted to form stable phos- and rivial those of the silicate-based glasses TIs is a

* ~~ . ~phate glae when appropriately cast and annealed. igl nificant order of change in the chemical dura-
~ ~Moreover, there is no recognition in the prior art of the bility of phosphate glasses which has not been achieved

~ importance of restricting the glassi composition to a heretofore For example, the prior art quotes durabili-
saglic phase in order to achieve complete polymernza- ie for phopaegsesrnngfm2.to3
don with consequent high resistance to hydrolysis in mgZcw21M. For a calcium phosphate glass prepared

boiingWatr. according to the invention, I have achieved a durability

;~ ~,SUMMARY OF THE INVENTION Of 0. 11 mg/cm2/hr while an aluminum phosphate glass
**~'areobtine by theinvntin, ospateglases prepared &-cording to the invention showed a durabil-

In acordnce ;.hity of 0.000054 mg/cmlAir. Magnesium phosphate glass
am btine b fistpreparing monobsic phosphate ts a durability of 0.084 mg/cm2 /hr. Strontium

precursor compounds of stoichiometric equivalent sub- xi 2h* ,1 stntillyfreeof hoshorc aid ad ipurtie ~445 phosphate glass shows a durability of 0.23 mg/cin/h
then using these precursors to form the melt for the weesbru hbt ls a hmcldrbl

desied gass.The recrsorcompunda ~ ~ ity' of 0.093 mg/cni4/hr. These values are improved
scop oftheinvntin ar reresnte by~ ~generally in the order of at least forty to as much as a

thousand tines over the durabilities of the prior amt
M(HiI'OO. So In accordance with the invention I have found that,

N for non-silicate glasse such as those based upon phos-
where M is a single metal selected from the group con- phates, it is desirable to form a stoichiometrc com-
ssng of Al Be, Mg. Ca. Sr, Ba, Cd and Zn and where pound, iLe. a precursor of specific proportions. which
"b" is 3 for Al and 2 for the other cations. Depending on substantially freed of phosphoric acid and impurities
the particular precursor, it may , or may not contain 55 and then used to form the melt to produce the desired
waters of hydration. glSs. The resulting glass thereby exhibits properties not

rWIn the preparation of the precursors of the invention normally found for similar glasses of melts prepared
a recrystallization from solution is employed both to otherwise. Glass thus prepared is useful in a variety of

* ~",~'obtain purification and high crystallnity. The reagent applications such as face plates for electronic display
- ~ of choice in the preparation of these salts is H3PO4. The 60 devices, as fiber optics, as optical lenses and other opti-

cation in the form of oxide, hydroxide, or carbonate, is ca pieces and the like.
dissolved in dilute H3PO4. Once dissolution is obtained, It must be appreciated that a chemically durable
the solution is purified by suitable means- such "s precip- phosphate glas can only be achiever' hy limiting the

1itation of impurities by the addition of organic complex- glass composition to a single phase. Su., glass composi.
iag agents including aminonium I-pyrrolidfiedithiOc~r- 65 tian may be described by the metaphosp bate formula:

- bamate. A suitable alternate is. cupferron. The solution
4is filtered and further purified by mercury-pool electrol- lM(P0O)6,

ysas. The solution is then evaporated to obtain monomer
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of Al. Be, Mg Ca, St. Be, Cd and Zn. "n" denotes a group conisting of AL Zn, Cd. and the alkaline earth
dqree of polymerization and has a value of at least 4 metals Be, Mg. Ca, St and Ba and wherein n ha a value
and "b" has a value of 3 fbr Al and 2 for the other of 2 or 3 dependingon whether M isadivalent or triva-

. cations In nearly all es in the prior art it is common S lent ion. Furthermor the metal monobic posphae
to make various mixtures of caions in order to improve selected from this gtoup must be purified to remove the
the chemical durabdity of the obtained glass. However, impurity metal ions to a purity level superior to reagent
such prior art durabilitim do nol approach the durabili- grade of 5000-9000 ppm and nreferably having no more
ties achieved in the present invention, than about 100 ppm total impurities. Impurity metal

I have found that a melt-rejection mechanism is pres- 10 ions include metals other than M given above such as
eat during the polymerization stages of the melt and alkali metal ions e.g., Na, K, Li, the transition metal
that each specific composition, such as [Ca(PO3iJ,. or ions, e.g., Fe, Co, Ni, Cr, V, etc. and the so-called heavy
[Mg(P0 3 )6 form melts which are mutually aiclusive metal ions, e.g, N, Mo, Ta, Au, etc
so that separte g-aw phases result at the end of the A suitable method of purification is as follows. The
plino press Tis results in phase-separated 1S selected cation an the carbonate, MCO, or the hydrox-
glam with internal simpst. Glam with such strise ide,M(OHh, is dissolved in a controlled exces of
is not usefl in optical applicaions. I have further dis. H3PO4, The resulting solution is suitably filtered such as
covered that any impurities present in the glm melt through a 0.45 micron filter to remove piculate impa-
become segregated and consequently become major rites. Ten grams of suitable pecipitant, eg., ammomnium
contriutors to a product lacking in chemical durability. 20 l-pyrrolidm edithiocarbamate (AMC am weighed out
When such impurities are present it is found that hydro- dissolved in 50 mi of watr, and added to about 4 liters
lysis occurs at the points where the impurities are local- of the solutimn. A precipitate forms which is removed
ized jalthough the bae giam iull does not appear to be by filtrio through the 0.45 uico filter.
atacked appreciably by the hydrolytic etching. The steps in the preparation of a typical compound

I have further determined that the most durable glass 25 suitable for preparing phosphate glas of improved
is that out which is exactly stoihiouetric = the tseprior a in accordance7.phosphate composition. 'This result appears to be specif, with the invention, are set forth in my copending Appli-
icialy cotrary to prior art wherein it as considered that cation. Ser. No. 644,270, Maid Dec. 24, 1975. Once the

.: the metsphosphate composition is-the least stable; those wilt prcro has been obtained, it will stIm contain

with excess phosphat or with exces metal catio being 306U qUItM Of H3PO4- I have determined that even
_ :conidered appemibly more stable to hydrolysis etch- a very smal firsctioia of H3PO4 present in the sit pre-

ing than the metaphosphate composition itself. Thus, it cursor changes the solid state reactions which occurappem tat t fctor whch €n'butt to the unique and the resulting as is measurably law sable tohy
aippears, that the factors which uniquehy
high chemical dumbilities (extremely low hydrolysis drolysis etching than a glass made from a pure, dry slt
etching) found for glases of the present invention are 35 precursor. The desired salt precursor is exactly stoi-

1. the use of a single plse gim composition, chiometric when prepared according to the method of
2. obtaining a high degree of purity in the salt precuir- the invention detailed in said copending application Ser.

sor to minimize impurity segregation in the melt with No. 644,270. The salt precursor rescts to produce an
consequent increased resistance to hydrolysis etching, exactly stoichiometric metaphosphate melt. But if

3. maintaining the melt composition exactly at the 40 H3P0 4 is present as a minor phase, it becomes incorpo-
meaphosphate formulation, rated into the melt, introducing hydroxyl group into the

4. choosing a proper crucible material to hold the finished glass. These hydroxyl groups act as deterrants
melt, to the polymerization reaction and the resulting glass is

5. preheating the salt precursor in a controlled man. strongly attacked by boiling water. H 3PO4 forms a
ner to initiate polymerization prior to melting. 45 high-boiling eutectc with H20 (B.P. = 866' C) and it

. 6. continued heating to form a melt, is difficult, if not impossible, to eliminate the hydroxyl
- 7. holding the melt for a time sufficient to complete groups from the melt if said eutectic is present. The only

the polymerization of the melt (usually about 96 to alternative appears to be to remove the excess H 3PO4
. -4 about 120 hours), and from the salt precursor prior to the heating procedure.

8. casting the melt in a heated mold (300 t 10" C. in 50 The problem resolves itself into the fact that both the
graphite or lava. 110* t 10" C. in stainless steel) if an monomer and the excess H 3PO4 are water soluble. I
.optical quality glass is desired, have found that certain non-aqueous solvents will prf-

The glass ctig is then annealed according to a erentially dissolve the H3 P04 leaving a crystlline salt.
predetermined annealing program. The melt must be Such solvents include the following: acetone, methyl

Sstirred to obtain optical quality glass. Bubbling helium 55 ethyl ketone, methyl acetate, ethyl acetate n-butanol.
gas, or oxygen gas, through the melt is a suitable In general, the ketones, acetates, and higher molecular-

'.: method. However, air or nitrogen should be avoided weight alcohols are suitable for HPO, dissolution.
because I have found that such bubbles introduced into However, I have determined that for most divalent salt
the melt cannot be easly dispersed. Also, reducing precursors, acetone remains the best washing agent.
atmospherees degrade the melt and the resulting glass is 60 The excess H3 P0) is completely removed by approri-
less stable to hydrolytic etching by boiling water. The ate steps in the washing procedure. Acetone is appropn-
Spreset invention is essence utilizes a single selected ate for Ca. Sr and Ba salt precursors, whereas methyl
precursor compound of stoichiometric proportion ethyl ketone is preferred for AL Be, Mg, Zn and Cd salt
which is melted to form a glass. Such precursors consis- precursors as a washing agent to completely remove
tent with the invention are those having the formuL 65 excess H3PO4. I have also determined that excem

H3P0 4 is critical for the metaphosphate glass compow-
-.. tMOI2PO4)a tions of Ca. Sr. Ba, Cd and Zn. whereas it is not essential

for Be, Mg or Al. When the monobasic salt precursor

-1
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reamt, it loses its wters of hydration. forning an anhy- I have determined that the initial melt of [Ca(P03 )2J,,
dia s salt. This precursor salt them reacts to form either glaSs transforms slowly over a period of time into an-
of several intermediatm. I have found that when other form of the glua:
HSP0 4 is completely abseat, CaXH1PO2 reacts to form
Ca12H 2P40 13. a tetrameric ring product containing hy- .5
droxyl groups. This then further reacts to form a melt
costaining hydrozyl groups, sbstan'ally having the
Imja where m and n denote a degree of polymerization andl-. "ul ! m < < . For full polyizaton, about 110 hours at

-AP30 2-A(Olt 10 1050 C. are required for the Ca(PO 3)2 melt whereas 120

hours are required for the Ba(P0 3)2 melt. 3 and a de-
note different forms of the polymeric glass. Excess cat-

wherein x has a value of at least 2. ion may be added to the melt in the form of MCO 3,
As the melt is held at a temperature of the order of M(OH)h or MHPO4 and M2P2O7 . The resulting glass isabout 105W" C., the constituent hydroxyl groups con- IS less stable to hydrolysis etching by boiling water by as

dare to form water and the polymerization reaction much a factors of 10. For example, an exactly stoichio-
proceeds stll fbrther. When the hydroxyl groups have metric Ca(PO2 glass has a hydrolysis loss of 0.11
been el nated, the polye& i is complete and a mg/cm2/hr, whereas a glass containing 15 mol% excess
high durability [C&(P gia results, where a de- calcium, [ta-Ca.ls(PO3)l, ha a hydrolysis loss of 0.86
notes a degree of polymerization of at least about 4. If mg/cm2/hr. Thus, I have established that it is the exact
excess H 3PO4 is present, then the Ca(H2PO4)2 monomer stoichiometric metaphosphate formulation which ex-
reacts in a different manner, to form the initial acid hiNbits maximum resistance to hydrolysis etching in boil-
pyrophmsphate, to form a melt having a formula; ing water, in contrast to resistance of glasses of the prior

2 5
CP2 OIIO Chemical durability appears to be affected also by the

crucible material whi-.h may contribute impurities from
dissolutions of the crucible. For example, in starting

where y is reatr than x as given in the first formula with a Ca(H2PO4 .H2O precursor salt which contains
and depends on the amount of excess of H 3PO4 present. about 50 ppm of impurities, including Fe, Sr, Na, Co, Si,
The resulting glaa much less stable as shown by the Cr, Mn, K and Li, a glass is made by melting the precur.
daft in Table I which also shows the chemical durabil- sot in a high-purity alumina crucible. Part of the cruci-
ity of [Mg(PO3)2L and AI(PO3J2 , and [Al(P0 3)3JJ ble wall is dissolved by the melt and the obtained glass
Sses and their lack of criticality to the presence or is found to contain about 2200 ppm of impurities of

absence ofe H3P 4  3S which 1800 ppm is AlO 3 . It is this glass which exhibits
TABLE I a hydrolysis loss of 0.24 mg/cm2/hr. The loss occurs at

the places where the 2200 ppm of impurities are isolated
cg o Etm H3P04  (n i= and concentrated. The bulk of the glass does not seem

(a) Prr An we kw" -7-2 to 240 to be affected by the boiling water. Crucibles composed
(b isic -. 05% 0M 4 of silica zircon (ZrSiO4), gold, and carbon must be
(C) SWbihai +5% 0.53 avoided completely since these crucible compositions
(d) Unwashed C*s" -25% 0.63
(+ 10D% 2 react with the melt and the resulting glass is massively

Oso so-- 0.4S degraded by boiling water. The transition metals are
ins +, 0.00154 also reactive resulting in a glass which is very vigor-GI_;. mm .000ou

* Oli- + 100D% 0.0071 45 ously attacked by boiling water. Crucible materials
found most suitable are alumina (A1203) and platinum.

STiyAlthough both of these also react with the melt, the7wrelative instability way be explained as follows. A ra o sso nuhta hs rcbemtn~ t
reaction is slow enough that these crucible materials are

nmlt of Mg(PO)2 glass is not obtained until the temper- usable. In order to cause the initial polymerization of
atureof I100r- 10 C is reached. A melt forA(PO) 3 50 the salt precursor to proceed, [ have found that it s

is not attained until 1300*-1350" C. At these tefmPer- desirable to program the heating from the beginning
tures, any excess H 3PO4. in the form of the high-boiling thugh a series of stages of sequentially increased tern-
(866" C.) eutectic has long since disappeared. Because a peratures (Le in a controlled heating cycle w hout

melt is obtained at 950"-960" C. for [Ca(PO3)l, glass, intermediate temperature decrease) through the melt
the excess H3PO4 can be incorporated into the glass. 5s stage. For the calcium metaphosphate gls precursor.
Thus, the chemical durability of [Ca(PO)M glases are the temperature is programmed at a rate of about 6" per
very dependent upon the amount of H3P0 4 Present minute to 175' C. where the hydrate water is lost. The
prior to melting to form the glass, as shown above, temperature is held for 30 minutes and then raised by
When a calcium monobasic salt, analyzed by thermo- programming at an increase of 6" C. per minute to 2966
gravimetric analysis to contain about 0.05% H3PO, by 60 C., where it again is held for 30 minutes. The tempera-
weight, was reacted in an alumina crucible to form a ture is then ,rogrammed to 410" C. where it is held for

--. - melt and held for 96 hours to effect complete polymeri- 30 minutes and then is programmed to 980" C. at a rate
zation, the resulting annealed glass showed a chemical of 6" C. per minute where the melt is obtained. Therea-

. durability (hydrolysis loss) of 0.22 mg/cm2/hr. The ter a final melt temperature of 1050" C. is attained and

same salt, in the presence of deliberately added H3PO4, 65 the melt is held for the prescribed time of about 110
produced glasses whose hydrolysis loss increased as the hours. This procedure results in a glass with increased
initial H3P0 4 increased. Essentially, the same mecha- chemical durability over the glass which is obtained
nism applies when the cation is Sr, Ba, Cd and Zn. through non-programming procedures. The tempera-
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cited above we specified only for the calcium metallic impinties. Step (e) is then followed. The result-

400o-b@i phmPbM system Ech .a m imi ow ing crys have a total impurity content of about Vc.haractersti reactonm pe r which are smilarly ppm
determied. I have further discovered that if the hea g (f) The crystals of the maonobasic salt of (r), ,I) and
cycl, to inate poilymerication to form the melt is inter- s (I) are placed in a clean alumina crucible of sttabie
upMed, and the material is cooled and then reheated to sie and heated to 1000r C. to cam chemical condensa-

form the malt, the resulting gim is an stable to hydro tio and polymermatioU to proceed. The salt decom-
lyus etchiag than that glass obtained from a continuous poss, condenses, and polymies to form a clear gay
heating schedule. For some applications the product melt. The melt is held in air for at least 96-110 hours to "V
obtained of this stage may be advantageous. The rate of j0 complete polyme ion. The clear glass melt is then
initial heating does not seem to critical and the prec~ur- ~ ~ m ~ ~ ~ ~itraiaital emig des ot eemm ati, an ti - cast in desired shapes and processed to relieve internal
sor can be caused to form a melt in as little as one-half strm by annealing.
an hour or as long as 6 hours without causing an observ- (1) Alternately, the crystals are placed in an alumina
able change in remace to hydrolysis etching by boil- __ a e e thrghcrcJ1 and thet teprtr i rgame hog
inh wae1 tempatUre steA. corresponding to chemical ramctons

The invention will be futher described by the fol- and condensation a determined by differential thermal
l , d - examples temidertooin how- analysis. The reaction products are then melted by in-

compoto and conditions of the invention, they are s e m to C. and the prcessed
provided primarily for purposes of illutaton a the 2 according to step (f) to cause complete reaction. The
invention in its broader aspect is not limited thrt. program-in procedure prior to melting markedly

expresy ane thrp increases the durability of the obtained gla re
parts by weigt. EXAMPLE IV-Strontium Phosphate Glass

EXAMPLES I-rn - Calcium Posphlam Glas (a) The general steps of Examples I-1I are followed
25 except that in the case of strontium phosphate glass,

147.63 gM SrfC 3 are substituted for the CaCO3 in step
(a) Prepare a solution of H3PO4 in water by adding (b) of the prior examples.

approximately 3.00 mols H3 P0 4 (210 ml) to 600 ml H20 (b) Following the evaporation procedure of step (e)
and dilute to 1000 ml total volume; 85% H3PO. - in Examples I-M the exces liquor is poured out andreagent grade is used. 3 nEmlslIIteeamlqo spue u n

(b) Waigh ot 0. 1 gin CaCdj and sowly dissolve 0 the crystak are washed in acetone by suspension and
H(O Wlution. decantation until the excess phosphoric ad is re-

(c) Wegh out 2.5 gn of ammoium -pyr. (o Ded.
ro.d..edithio-carbamte (APC and dissolve in 50 ml of (c) Depending upon degree of purity desired, any ofthe puriscatdon proeures of Exa- les I-MI can be
water. Add this solution to the phosphate solution. A 35tdar ge precvtate foms.

(d) Flter the olution through a 0.4 miron "ilter o (d) The general procedures of steps (f) and (g) of theremove the soio o 4 nl prior examples are then followed to prepare a strontium
(e) The purified solution is evaporated slowly, using a phosphate gls of high chemical durability, as com-

steam bath, if desired, to obtain crystals plus a liquor. 40 pared to those glasses of the prior art.
The liquor is H3PO. plus a small amount of H20. The EXAMPLE V - Barium Phosphate Glass
excess liquor is decanted and the crystals are washed in
acetone, or other suitable solvent by a suspension and (a) The general procedures of Example IV are fol-
decantation procedure to remove all of the excess acid. lowed except that 197.35 gm BaCO3 are substituted for
Even a very small amount of H3PO4 left in the rystals 45 the SrCO 3 of step (b) of that example.
tends to produce a glass which is not stable to hydroly- (b) Following the evaporation step, the crystals are
si and the exces H3P0 4 must be removed. The result- washed in acetone to remove excess phosphoric acid.
ing crystals have a total impurity content of 100-200 (c) The crystals are then melted according to the
ppm- procedures of the prior examples to form a suistantially

50 homogeneous melt which is allowed to undergo con-
denation and/or polymerization until reaction is corn-

Alternately, if a crystalline salt of higher purity is plte.
desired. the following purification procedure is used. (d) For the barium phosphate salt. the temperatures
Step (a) is followed by step (c) and the resulting solution of reaction are lower than those of calciiun phoschate
is fltered as n step (d). Then the CaCOj is added asin 55 salt and the melti s obtained at a lower temperature of
step (b) and steps (c) and (d), are again performed prior about 925' C. Care must be exercired not to allow the
to the evaporation step (e). The resulting crystals have melt temperature to rise over about 1200" C., since
a total impurity content of about 100 ppm. phosphorous in the melt is lost as volatile P.,. therebv

degrading the quality of the so-obtained glass.~60
If an even higher degree of purity is desired. then the EXAPLE VI - Magnesium Phosphate Glass

procedure of (H) is again followed and the resulting (a) The general procedures of E.xamples [-III are
solution is placed in an electrolysis unit equipped with a followed except that in step (b), 84.32 gin of MgCO ,are
stirred mercury pool cathode, a gas diffuser for intro- substituted for the CaCO3 .
duction of nitrogen bubbles into the solution, and a 65 (b) In following the evaporation procedure (e) of
platinum anode. The nitrogen gas is turned on and the Examples I-III, it is found that crystals of magnesium
solution is electrolyzed at -2.75 volts direct current at monobasic phosphate trhydrate do not form easily.
the mercury pool for a time sufficient to remove ionic Therefore, the procedure is modified as olows: Die

ara m n me~miil1nlll m ~ nl n m
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solution obtained from step (d) (Example I-I) is trareoctiou and polymer-zabor of the melt. The melt is
evaporated on a steam bath until about 80W% of tL& then cast and annealed to form an aluminum phospham
volume is looL The remaining 20% of the solumon is glass with markedly improved properties over that of
then cooled and placed in a separate container to crys- the prior art.
tallie. Afer about 48 hours, the Liquid condees inu a 5
solid mm of crystals. EXAMPLE C - Zinc and Cadmium Phophate

(c) Became te magnestum phophalte s Glasses
- I - foam a homogeneous melt below- about. 1100* C, it is (a) The general technique of Examples I-Il are used

m necesay to remove excess H3P0 4. Durmg the with the following excep-n. :
evaporation process, the excess phosphoric acid forms i0 (b) Select the desired phosphate and substitute one of
an eutectic compound of 7H3PO 4.3H20 which bols at the following for the CaCO3 of Example I:

_*.., .,about 866' C

For the cue of calcium phosphate gss which melts
at about 935* C, a substantial amount of the eutectic 11. CdCO
compound remains at the 935' C. melting point and is 15
incorporated into the g&asy melt.

For the case of the magnesium phosphate glass, all of Dissolve in the H3PO4 solution to form a completely
the eatectic can be boiled off before the gSs melt oh- homogeneous solution.
ta Therefor, it is not necesusy to remove the exe (c) In the cae of zinc or cadmium solutions, the use
H3PO4 prior to the condensation and melting procedure 20 of cupferron is recommended as an organic precipitant
to obtain a substantially homogeneous melt. Therefore, in place of APC since the latter forms insoluble precipi-
the crystals plus liquid are placed on a filter and the tate with these two ions. Cupferron only partially pre-
liquid is removed by suction to a degree of practical cipitates these ions and can be used successfully to pu-
necessity as desired. rify either of these solutions.

(d) The wet salt is placed in a crucible and the tem- 25 (d) Following solution purification, the salts of Cd or
perature is rased slowly to about 950* C whereupon Zn are prepared in the manner of Examples I-rn.

z. ;the eutectic compound vaporizes and is lost. The ter- (e) The crystals of 'Cd or Zn monobasic phosphates
perature is held at 950' C. until of all of the exces acid- cannot be washed in acetone since they are soluble

. water eutectic is substantially lost from the crucible therein, but methyl ethyl ketone can be used success-
containing the magnesium phosphate salt, whereupon 3, fully to remove the excess acid to obtain a purified salt,
the temperature is raised to about 1100* C tc obtain a as described in Examples I-rn.
homogeneous melt. This melt is then processed further (f) The glasses are prepared as given in Examples
as given in Examples I-IlL I-IIL except that the temperatures critical for Cd, or

(e) If it is desired to obtain crystals free from excess Zn, monobasic salts, as predetermih, d by differential
HsO4 the magnesium phosphate salt can be washed by 35 thermal analysis, are employed.
suspension and decantation in methyl ethyl ketone. The Although I have described but a limited number of
nalt is then processed as before. products and methods for preparation according to the

-resent invention, it will be apparent to those skilled in
EA L VI Brlu PsheGs the art that variations in both compositions and methods

(a) The procedures of Example VI are followed ex- 40 may be effected within the spirit of the invention. Ac-
cept that 56.03 gram BeCO 3.Be(OH) 2 are substituted for cordingly, the invention is not to be limited except as
the MgCO 3. required as requied by the appended claims.

",,' . ;-](b) Since beryllium is known to be a toxic element I claim:
-.. . proper precautions regarding prevention of ingestion I. A method of preparing a polymeric phosphate

" by humans are maintained. Once the beryllium is in the 45 glass having the formula:
beform of phosphate glass, its toxip r oy is considerably

lowered as compared to solution and melt forms en- N(PO94.
: :. ;-.: :countered during processing to form the glass.

";"!'Iwhere M is a single metal ion. to the exclusion of other

EXAMPLE VIII - Aluminum Phphate Glasa metal ions, selected from the group consting of alumi.
(a) Prepare a H3PO4 solution by adding 485 ml of num. zinc, cadmium and the alkaline earth metals, ber-

85% H3PO4 (reagent grade) to 500 ml H20. Dilute to yllium, magneSm.M calcium, strontium and barium,
1000 ml total volume. This solution may be purified where "b" is 3 for aluminum and 2 br the other metal
according to methods given in Examples I-Il. ions, and "n" is a degree of polymerization of at least 4,

(b) Weigh out 78.00 sm AI(OH)3 and dissolve in 5 which comprises forming a solution of said metal ion M
H 3P0 4 solution. and phosphoric acid by dissolving a compound supply.

(c) Purify resulting solution by-techniques of Exam- ing said metal ion M in a controlled excess of phos-
pies 1-[IL phoric acid to form a stoichiometrically proportioned

(d) Evaporate to obtain crystals of alumium mono- solution, adding a precipitating agent effective to pre-

basic phosphate, according to technrcues of Examples 60 cipitate soluble transition metal umpurntiei other than
1' -4. the selected metal ion. removing formed insolubles to

(e) Since the glassy melt is not obtained much below produce an essentially pure solution, forming a crystal
" .150 * C., it is necessary to remove the excess Liquid acid p,-oduct from the resulting purified solution by evapora-

by washing techniques. The prefiring schedule of Ex- tion. washing said crystal product substantially free of
ample VI(d) iN preferred except that the final tempera- 65 phosphoric acid to yield a stoichiometrically propor-

. "ture to obtain a melt is 1350' C. instead of 1100* C. tioned crystalline phosphate salt, heating said crysul-
(f) The substantially homogeneous melt is held at line salt in a controlled heating cycle tn the substantial

1350' C. for a time required to effect complete in- absence of phosphoric acid or other phosphate or metal
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-~ io comoundsunti

io.omons a polymerized melt stage as at- 10. The method of claim 1 wherein the ratio of metal
tamed, and contiung the polymerization until poly- ton to phosphate group in the homogeneous gslass from
inerinan is substantially complete and a homogenous the melt is about 1:2.

.Agblauuformed. ML Th method of claim 1 wherein the hearing is
2. The method of claim I wherein M is calcium s intereoupled at the stage where an initial polYmeriza-
3. The method of claim 1 wherein M is strontium. tion product has formed and then cooilng thecon
4, The method of claim 1 wherein M is barium. pound prior to producing said mnelt.
S . Tfr method of claim 1 wherein M is agim. 12. The method of claim I in which the controlled
6. The method of clim 1 wherein M is beryllium. heating cycle comiprises a sequence of progressively
7. The method of claim 1 wherein M is aluminum. 10 increasing hearing cycles to the melt polymerization
IThe method of claim I wherein M is zinc stage.

9. The method of claim 1 wherein M is cadmium.
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